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ARTICLES

THE POSITION OF HYBRID REACTORS
IN POWER~-GENERATION SYSTEMS

I. N. Golovin : . UDC 620.91

Thermonuclear reactors with a magnetic plasma containment, just like fission reactors, will produce
electric power only in a thermal cycle. But in contrast from a fission reactor, a thermonuclear reactor
requires electrical energy consumed not only on auxiliary needs. In a number of schemes, ‘it is advanta—
geous to expend a considerable part of all the electric power produced by a thermonuclear power station
on sustaining the reaction. In the latter case, it is not possible to speak of a power station in the normal
sense of the word, for the product of such a facility sold to the consumer is not electric power but pluto-
nium or some other type of fuel, for example, hydrogen or chemical substances produced in intense neu-
tron fields. Thermonuclear reactors containing uranium or thorium in the blanket and producing ***Pu
or %% are called hybrid reactors.

Thermonuclear reactors could occupy an important place in power generation only under the condi-
tions that their utilization gives an economic advantage in comparison with the use of a few fissionreactors.

Preliminary estimates of the capital costs on thermonuclear power station plants made in various
countries, and in more detail in the USA, show their competitive capability with nuclear power stations.
However, these estimates will remain incomplete and unreliable until the lapse of a considerable period
of operation of the first experimental thermonuclear reactor. It can be shown that the advantages of ther-
monuclear reactors over nuclear reactors (lower total radioactivity, negligible fuel component cost of
electric power, absence of the necessity for transporting fuel for reprocessing by regeneration for the
removal of plutonium, short doubling period, etc.) will be insufficient for widespread industrial applica-
tion in consequence of the significantly greater complexity. Actually, in nuclear reactors there are no
such costly and "delicate" parts as, for example, superconducting magnet windings or fast atom injectors.
However, only by installing and comparing in operation fusion and fission reactors can it be recognized
which will predominate: merits or shortcomings. Therefore, the necessity for installing experimental
thermonuclear reactors does not give rise to doubts.

""Pure'' Reactors

The Steady~State Reactors. The fusion reactor most resembling a fission reactor in operating char-
acteristics and which is the most suitable for industrial application would be one i which a once-ignited
thermonuclear reaction would continue to "burn" for an unlimited length of time, with a continuous supply
of cold fuel and with the continuous take-off of the "ash" — helium and protium. In principle, this is pos-
sible for a classical or neoclassical model of plasma containment with a magnetic field in closed mag-
netic traps when, in the gas blanket cycle and with a density near the wall of the gas mixture of deuterium
and tritium (DT) equal to or greater than the plasma density on the axis of the trap, the heavy impurities
and helium drift outside of the plasma, but the deuterons and tritons are fed toward the inside of the plasma
by the same friction mechanism. However, this cycle has not yet been studied experimentally and it im-
plies that the magnetic configuration exists in the steady state. For Tokamaks, this means that the
steady maintenance of a current in the plasma has been achieved.

Such a reactor, first and foremost a steady-state Tokamak reactor, would be a brilliant solution to
the thermonuclear problem. Unfortunately, on route to its creation there remains the greatest number of ' -
insolvable problems of physical principles.

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 379-386, December, 1975. Original article
submitted May 16, 1975.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
' stored in a retrieval system, or transmitted, in anv form or by anv means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copv of this article is available from the publisher for $13.00.
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TABLE 1. Tokamak Reactors with Ignition (n'r'E =3-10" sec/cm® A=R/a=4; T =15 keV;

Bp=1;9=2.2)
: , One -hundred Bohm
Parameters Neoclassical Empiricism periods

Plasma density n, cm -3 3.1013 11014 3.10%3 1.1014 3.1013 1.4014
Plasma current I, MA 1.6 1.6 6,5 4,8 28 21
Plasma radius a, m 0,5 0,3 2,2 0,9 9,5 3,8
Reactor power PT, MW 2,2 1,7 180 140 10000 7600
Plasma volume V, m; 10 0,8 . 800 70 44 000 3700
Neutron flux &, cm~ -sec”! 0,15-1013 0,07-1013 0,6-1013 0,26-1013 2,4.1013 1,1.1013
Toroidal field H, kOe 53 97 53 97 53 97

The major ones are:

1. The laws of extrapolation of nrg 'tQ the reactor tempe'rature and plasma density m~3- 103
310 cm™? and T~ 10-20 keV) are not known, and therefore it is not known what will be the dimensions
of the reactor, the strength of the magnetic field, and the current in the plasma.

2. It is not known how the contamination of the plas_mai by impurities can be kept low, whether
achieved in the gas blanket cycle, and some means of removing the impurities from the plasma, or block-
ing their path of penetration into the plasma. ‘

3. There are only theoretical concepts for steady-state maintenance of current in the Tokamak
plasma. There is no experimental verification, - The third problem does not exist for Stellerators. The
first two are common for any closed systems. For open traps, only the first problem has not been solved
and there is no second and third problem,

If the Tokamak reactor operates by cycles, in which the DT mixture is ionized, heated up to ignition,
and combustion takes place until the reaction is extinguished in consequence of fuel burnup or cooling of
the plasma by the accumulated impurities, then the second problem is simplified and there is no require-
ment for a solution of the third problem. '

Cyclic. Tokamak Reactor. Construction of this reactor appears to be the simplest if the law of extra-
polation of nTg is favorable.

Let us consider what the various laws of extrapolation of nrg give. Neoclassical theory gives the
value of n7 which is most possible in principle. However, the theory of plasma stability predicts the de-
velopment of instabilities in reactor cycles. There are theoretical discussions about the fact that the worst
possible containment corresponds to T of the order of one-hundred Bohm periods. As a third possibility,
although unfounded, extrapolation of one of the empirical relations can be taken and verified in an accessible
range of parameters on existing installations. These three laws of extrapolation are expressed by the
formulas: :

ntg= % A2 T'22 (neociassical);

ntg=0.7-10"%aln (empi.rical);

ntg=0.3-10"aln % (hundred Bohm periods).

(Here and in the future, current will be expressed in amperes, dimensions in cm, temperature and energy
in electron volts, and time in seconds.) It is usually assumed that for ignition of the reaction, it is nec-
essary that nrg > 1.5 - 10" sec/cm3, However, assuming that the values given for n and T mean the average
values over the cross section of the plasma, we can use for ignition, nmg = 3- 10" sec/cm?®, as small im-
purities or accentuated density and temperature profiles reduce the value of n7 twofold. Therefore, the
values of T, @, V, ¢, and P given in Table 1 must be considered as the minimum possible for each of the
laws of extrapolation, Let us discuss the data in Table 1.

Neoclassical. If this law of extrapolation were valid, then it should be possible to achieve ignition
on the currently existing installations T-10 (USSR) and PLT (USA), by raising the.current in the plasma
to the values shown in Table 1. However, with such small values of ¢ and R, it is not possible to surround
the vacuum chamber with a blanket and a shield of superconducting windings. By increasing a and. keeping
R/a and n unchanged, the current in the plasma should be increased many times in order to maintain equilib-
rium of the plasma. But this, in its turn, leads to an increase of ntg « I>. Whennr, >»>1.5° 10', the plasma
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Neutrons Blanket ?s thel:mally unstable. It is not knoYvn to what this
7030, m instability can lead. Either with an increase of tem--
Reactor ) ' . perature and By the loss of equilibrium will lead to
q@ ) Charged particles P st o such a reduction of n7 that thermal stability is auto-
Fesfi 8207 2 K matically established, or the plasma will pass over
(1-2) B/ S to the relaxation cycle. In order to avoid these ob-
| : scure phenomena, impurities can be mixed with the
Injector Auxiliary | - '3-: ‘ plasma at the start of heating in such quantity that
U sysems :.: g nTg would not significantly exceed 1.5+ 10 sec/cm?.
i o In the explicit case with neoclassical containment,
& . . ng‘cmeai there is a free choice for the construction of a re-
= - = actor and the probability that a technically sound re-
=22, o X la actor can be constructed in the not too distant future
2| SBE § I|2 is high.
5aa S &g
&858 THYE Empiricism. A reactor of impressive dimen~
= @ S~ sions, but still a possibility, is obtained without fall-

ing outside the limits attainable with modern tech-

nology and the technology of the next decade, if its

size is increased by a factor of two to three, so that

there will be some reserve in nr, for ensuring com-

bustion in the case of entry of impurities. The probability of building the reactor during the next two \
decades is less than in the first case. ‘ , ‘

Fig. 1. Schematic diagram of a thermonuclear
power station, '

One-~Hundred Bohm Periods., The size and plasma current are so large that their increase exceeds
the bounds of possibility technically achieved in the 20th century. Impurities in such a reactor are very
dangerous. Thus, an impurity of 7% helium or 5% carbon will certainly extinguish the reaction. Inciden-
tally, we note that in all experiments on Tokamaks, the plasma is considerably more contaminated and we
do not yet know how to purify it. The probability of constructing such a reactor in the next decade is very
low. Infact, in addition to the difficulties due to the dimensions and the danger of impurities in such a re-~
actor, it is a very complicated problem to heat up the plasma to ignition, as a power of hundreds of mega-
watts must be injected into the plasma during a few seconds. There are no high-frequency generators with
these parameters, In order to heat up the injections, injectors would have to be designed with atom ener-
gies in the megawatt range at a current of hundreds of amperes. The construction of such high-frequency
generators or injectors would occupy many years.

Thus, if experiments confirm the feasibility of containment close to the empirical extrapolation or
even better, then a cyclic reactor with ignition is achievable by means of modern technology. Under con-
ditions of unimpeded entry of impurities or with diverters of the type discussed in the literature, this is a
bad reactor as the time of buildup of the impurities, leading to extinction of the reaction, and the time of
fuel burnup in it amounts to tens of seconds and these short cycles make difficult the construction of eco-
nomically favorable thermonuclear power stations.

In the gas blanket cycle (if it exists), the duration of the working cycle is not limited by impurities
of fuel burnup, which is supplied simply in the form of a gas with the surface of the plasma. The¢ duration
of the cycle, limited by the change. of magnetic flux in the inductor, can reach at least thousands of seconds,
" Such a reactor already shows promise for industrial application.

Thus, if the laws of nature are favorable to us and the first two problems are solved successfully,
then a cyclic Tokamak reactor can be constructed. With these same conditions, the Stellerator gives a
steady-state reactor. The question as to whether a steady-state Stellerator reactor is a more profitable
solution than a cyclic Tokamak reactor requires detailed analysis. The windings of the Stellerator are
more expensive than in the Tokamak, but a power station with a Tokamak increases the cost of its cyclic
operation at least because of the cost of the electrotechnical plant feeding the inductor. Cyclic operation
of a Tokamak can be very costly if the first wall, which is subjected to intense radiation damage, will be
destroyed rapidly because of thermal fatigue.

Reactors with Injection

Let us consider the feasibility of constructing reactors if the second and third problems are solved
successfully, but the containment proves to be poor, i.e., worse than the empirical extrapolation. First of
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all, we recall that there is no third problem for Stellerators and
there is no second or third problem for open reactors. The fol-
lowing analysis will be valid for all three versions: Tokamaks,
Stellerators, and open reactors. It has already been mentioned
repeatedly [1~3], that even with plasma containment at ntp <1.5°
10" sec/cm?® the production of useful power nevertheless is pos-
sible in reactors with fast atom injection.

T T T
3
N
=

3

T T TTTTT

The schematic diagram of a power station with such a re-
actor is shown in Fig. 1. A power of Py is injected into theplas-
ma of the reactor by a beam of atoms. The thermonuclear re-
action, with the release of 17.6 MeV/fission event increases the
power by a factor Q, so that the neutrons carry a power of 0.8PQ
from the plasma and in the blanket it is multiplied by a factor

Plasma intensification, Q

T

The power 0.8P;Qm can be converted to electricity only in a
thermal cycle with an efficiency of ny via a stream generator
and a turbine. The energy of the charged particles can be par-
tially converted to electricity in a direct converter with effi-

. ciency np and part of it (1—np) is converted to electricity in

wt 5 , t]; 7 [213 m the thermal cycle with efficiency nr. A fraction € of electric
Power station eff. " power is expended on injection and a fraction ¥ on other inherent
requirements of the power station.

Q;p”/(ﬂ,,f/’,)
Fig. 2. Dependence of plasma

intensification Q on the thermo- A reactor with injection operates as a power booster. The
nuclear power stationefficiency plasma intensification Q depends on the containment of the plas-

- for different types of reactors: ma by the magnetic field. Formulas from which the intensifica-
1, 2, 3) laser for closed and open tion Q can be calculated are given in the appendix.

reactors (np=0, 0, 0.7 and 71 =
0.05, 0.7, and 0,88, respectively);
for all systems 7 =0.4 and v =0.03.

The most important characteristic of a power station is
its total efficiency:

Py ) '
ﬂs=my 1)

where PN is the electric power supplied to the consumer and Pyy is the waste heat. It follows from Fig. 1
that
Py
PN%U—E—V)E‘{TIT'FT]PYII (t—mnr)+

4 @, [0.2 (nr +np— npN7) 4 0.8mu )}, (2)
Py=(1—np){{—nonr+ :
40 10.8m+0.2(1— o)} Pal/nr,
and Q and € are connected by the relation
&t ==1; (Mo + Nr— Mrnp) (1 + 0.20):+ 0.8mOnzn; + nr (1 — ). , 3)

If there is no direct conversion of the energy of the charged particles and all the conversion goes through
the thermal cycle, then it must be assumed that ny=0.

If € > 1~ v, then the power station does not distribute and requires electric power from the grid, but
due to the total of the energy required and that developed in its reactor, valuable products such as tritium,
plutonium, hydrogen or other chemical substances which are synthesized in the intense neutron fluxes can
be produced in the blanket. ' '

We shall discuss only the production of plutonium. For a pure thermonuclear reactor m~1.4. .

With the presence in the blanket of 2%U, an energy release of 100 MeV/fusion event can be achieved.-
In this case m~ 7.0 and, together with the increased release of heat-in the blanket, **Pu will be accumulated.

Some examples of calculations by formulas (1)-(3) are givenin Fig, 2, Before discussing the general
conclusions from these calculations, we shall consider examples of hybrid closed and open reactors.
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Examples of Hybrid Reactors

Hybrid Tokamak Reactors, We shall suppose that the second and third problems have been solved
successfully, i.e., an infinitely long maintenance of the necessary pure plasma and current in the plasma.
is possible. We shall suppose also that the first problem is solved in the worst way, i.e., containment of
longer than one-hundred Bohm periods is not possible. The conclusions about the reactor with ignition,
under these conditions were found to be unacceptable. Let us consider how the use of injection changes it.

When considering a reactor with ignition, the dimensions of the reactor are discouraging. Ignition
corresponds to @ ==, Taking the first values of Q in order to maintain a high plasma temperature, it is
necessary to introduce additional power into the plasma by injection. For this, we are bound to the range
of parameters stated in Fig. 2 if we do not wish to consume energy from the grid. '

The parameters of a hybrid Tokamak reactor with injection are shown below. The extrapolation
formula is the empirical one or the one-hundred Bohm periods one ( Tg «» af and nTgp =1- 101% sec/cm?). The
magnitude of nT, is reduced by instabilities or by impurities. Retardation of the injected beam is Coulomb
retardation (np =0.4, ny=0.7, and 7, =371g).

Plasma density n, cm™? ' 3-10"
Plasma current I, MA. 2.9
Radius of plasma a, m ) 1.3
Reactor power (E,y =100 MeV), MW 270
Plasma volume V, m3 : 177
Neutron flux @, cm™2-sec™! 0.3°1013
Toroidality A ' 4
Plasma temperature T, keV 8.5
Plasma pressure B 1
Injection current of deuterons and tritons Iy and Ij, A 300; 600
Energy of deuterons and tritons Eq and E¢, ke 150; 40
Plasma intensification Q » 0.6
Electric power of injectors Py, MW 98
Power station efficiency ng 0.12
Plutonium production M, kg/y 270
Electric power Py, fed into grid, MW 32

Hence, it can be seen how far the reactor parameters can be reduced for the worst law of extrapolation of
T and yet remaining in the range of positive values of ng. If the containment is better, then for the same
parameters the injection current is less and n7g, Q and the magnitude of n g corresponding to Fig. 2 are
larger. A more favorable containment and an increase of the reactor dimensions brings g closer to 7,
but for a hybrid reactor with injection, ng <nr always.

Hybrid Open Reactors. There is no second or third problem for open reactors. However, possible
solutions of the first problem limit their range of application. In closed reactors with sufficiently large
dimensions and magnetic-field strength of the reactor, ignition is possible in principle (Q=«). For open
reactors Q depends neither on the dimensions nor on the magnetic field strength and the maximum plasma
intensification corresponding to EpN=17.6 MeV amounts to 1.4 logoR [4] and is achieved at an injection
energy of about 200 keV. The screwplug ratio, taking into account the diamagnetism of the plasma, with
present-day niobium—titanium superconductors obviously cannot be considered above R =4, and in the future
R > 8 will prove to be barely achievable, as we shall be limited always by the durability of the materials,
during attempts to increase the field in plugs of large dimensions to higher than 100 kQe. Thus, the limit
of plasma intensification, in principle, of open DT reactors amounts to Qp, ¢ ~ 1.0. ’

The efficiency of a power station with a hybrid reactor, according to Fig. 2, in this. case is found to
be close to n and therefore this solution would be completely acceptable on a large scale for. world power
generation systems. At the same time, a power station with a pure open reactor will have an efficiency of
not more than 0.23 and could not compete with nuclear power stations. ’

However, the probability that the maximum value of Q=1 will be achieved is very small. Obviously,
the really achievable values of Q will be several times less. In order to produce useful power from a pure
reactor, an increase of the injection efficiency 7; and of the direct conversion np above the values shown
in Fig. 2 would be required. The probability of success in this respect in the next decade-is small. But a
hybrid reactor might serve for the production of plutonium without the requirement for external electric -
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TABLE 2. Open Hybrid Reactor with E,, = power right up to @ =0,12, At present, it is impossible
100 MeV/fusion Event (maximum plasma in- to estimate the probability of this occurrence, as the
tensification Q =1.14 log,R; field at center probability of ene or other law of extrapolatlon of ntp
of trap 25 kOe) for Tokamaks cannot be estlmated Only the general
- - . tendency in both cases is certam Small values of Q
Plasma press. 8 - 0,72 are more probable.
Inject. energy Ep, keV 200 " ) :
Plasma den. n, cm”™ 4-10 3 :
Plasma voL. V. rcnﬂ 100 Table 2 s.hows examples of possxble. open _hyb.rld
Direct conversion eff. 7 . 10,7 reactorsfor which n g =0and all the electric power is
Thermal cycle eff. 0.4 consumed by injection. The plasma volume is taken
i . arbitrarily without studying the design of the winding.
Vacuum screwplug 5 4 The stated screwplug ratio can hardly be possible for
ratio Ry a thick blanket combined with a shield of 1.5 m, with a
Plasma screwplug 3,8 7,5 b
ratio R smaller plasma volume.
Plasma inten. Q 0,67 1,0
Coulomb containment - 4,3.1013 6,5.1013
nr, sec/cm® The Position of Hybrid Reactors
Inject. eff. 0,88 ] 0.70 | 0,88 | 0,70 in Power-Generation Systems
Plasma inten. Qguf, 0,12 | 0,20 { 0,12 | 0,20 . i
suff. for breeding Thermonuclear reactors of any type will acquire
when ng=0 industrial importance only in the so-called distantphase
. of the power-generation problem [5], startlng in the
Containment can be less | 5,5 | 3,3 18,3 (5,0 1990's, when fast fission reactors will be WLdespread
than Coutomb by the
stated factor Despite this, the production of additional plutonium by
Permissible containment | 0,78 | 1,3 } 0,78 | 1,3 hybrid thermonuclear reactors can still be useful.
e e LR 3300 | 2000 | 3300 | 2000
Inject. curr. 1, Hybrid Reactors with Ignition. Let us compare a
fast breeder reactor and a thermonuclear reactor with
Thermal power P, 460 ) X i A i :
MW ) ' ignition, in the blanket of which plutonium is formed
N R asgirst wall 2:10 from ¥y, The thermal efficiencies of both reactors
Electric power PN, sent 0 '_ are identical and, from the point of view of the thermal
out to consumers . . .
Plutonium production M, : 460 - | effect on the surroundings are equivalent. In the first,
kg/y : the plutonium breeding factor is equal to 1.5 and, con-

sequently, for every megawatt of its thermal power,
200 g of plutonium are produced per annum. In the
hybrid thermonuclear reactor, it is possible that plutonium up to 1 kg/annum will be produced for each
megawatt of thermal power [3]. If the price of plutonium is $20/g and power stations are to recover their
money over 8 years, then only the sale of plutonium will allow the capital costs on the power station plant
at $400/kW of installed electric power to be generated for an efficiency of 7 =40%. By adding the sale of
electric power at 0.5 cent/kW - h, we obtain additionally the permissible capital costs of $360/kW. Thus,

a ‘hybrid power station with an efficiency of ns=40% will recover its money over 8 years, with capital costs
of up to $760/kW. According to estimates carried out, the capital costs on thermonuclear Tokamak reac-
tors will be considerably lower, The addition of plutonium to the reactor blanket with ignition is still ad-
vantageous because, with given dimensions and power of the reactor, the loadlng of the first wall is reduced
and its radiation damage is reduced.

Thus, the thermonuclear hybrid reactors with ignition will enable after the year 2000 A.D.,less ex-
pensive breeder reactors and larger relatively cheap thermal fission reactors to be constructed. The same
thermonuclear hybrid reactors, most likely, will be more expensive than fast breeder reactors of equal
power but, as the estimates carried out show, they will be economically advantageous and will produce ap-
proximately five times more plutonium per unit of thermal power than the fast breeder reactor.

Hybrid Reactors with Injectidn. Hybrid reactors with injection might be used either only for the pro-
duction of plutonium (ns= 0), or for the simultaneous production of plutonium and electric powgr.

Let us consider some alternatives for their utilization prospects.

A. Extrapolation of nry to the reactor parameters in Tokamaks or Stellerators is favorable and a
reactor with ignition is obtained which is technically feasible and economlcally justifiable. The use of in-~
jection, nevertheless, may prove to be favorable if the reactors w1th 1gn1txon will have capamtles of a few
thousands of megawatts. In this case, the accesmblhty of strongly radioactive parts, capable of fauure is
considerably restricted in a closed reactor. This leads toa significant probability of undesirable inter-
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ruptions in the use of high capacities. Reactors with injection can be made with a lower capacity, and there-
fore their shutdown for maintenance will cause less hindrance to the power output. Hybridizing, i.e., the
production of plutonium, in this case has a favorable effect on the design of a thermonuclear reactor. It
allows, for example, less modern injectors to be avoided for the maintenance of the same output efficiency
nge Hybrid reactors with injection in this case could be useful for replacing a part of costly fast breeder
reactors, as well as hybrid reactors with ignition as discussed.

B. Reactors with ignition cannot be built, but a closed reactor (Tokamak or Stellerator) with injec-
tion or an open reactor are feasible. For a closed reactor with injection, the intensification Q is the greater,
the closer nrg, is to 1.5° 10 sec/cm?, Therefore, pure as well as hybrid closed reactors with injection
might find industrial application. The probability of using hybrid reactors is greater, as they might be
more costly although remaining economically favorable. The situation is otherwise for open reactors. If
we assume that Q =1, the upper limit for open reactors, then pure open reactors are of no interest for the
commercial production of electric power. According to Fig. 2, for this value of Q, ng=0.22. With these
same values of Q, the efficiency of a hybrid power station with an open reactor can be equal to 0.35,

The economic advisability of building hybrid reactors is discussed above. However, all hybrid power -
stations with injection have ng <n. One questions: whether contamination of the habitable surroundings
will be acceptable, if a large part of the electric power and plutonium is produced by these hybrid reactors?

In order to assess the situation arising, let us consider the following limiting case: all the power
generation system of the world is constructed only on thermal fission reactors and on hybrid fusion re-
actors with injection, producing a shortage of plutonium and electric power with an efficiency of ng. Sup-
pose that the capacity of the power generation system of the world is constant in time. Inthis case, the
efficiency of all the world's power generation system will be expressed by the formula

0.4
Nus= ﬂ%ﬂ \
for the derivation of which it is assumed that in hybrid reactors, plutonium is produced to the amount of
1 kg/yr MW ¢ton). Thus, the efficiency of a hybrid power station can be within the limits of 0 =ng <Np- It
is easy to be convinced that if nT =0.4 and ng=0.3, then np;g=0.37.

Obviously, such an insignificant reduction of the total efficiency of the power-generation system can-
not be a strong argument against the use of hybrid reactors with injection, and their fate resolves not the
problem of heat wastage, but the economical and technical arguments,

CONCLUSION

The range of application of hybrid reactors in power generation depends on laws of plasma physics
with reactor parameters which have not yet been studied experimentally. If the plasma containment is
close to the empirical law, or better, then the production of plutonium in the blanket of a fusion reactor
with ignition justifies the capital expenditure on the construction of a power station of up to $700/kW.

If ignition of the reaction is technically or economically unprofitable, closed reactors with injection
might serve for the commercial production of electric power and might be pure, as well as in the form of
hybrids, and open reactors only in the form of hybrids. At the present-day level of knowledge, the least
number of unsolved problems for the design of hybrid reactors has remained for open magnetic traps (prob-
lem of containment). Stellerators occupy the second place {the problem of contaminants is added) and in
third place are the Tokamaks (the problem of steady-state maintenance of the current in the plasma still
must be solved).

We note that containment in one-hundred Bohm periods, assumed to be the worst for Tokamaks and
Stellerators, has not yet been achieved in a single experiment. Therefore, all forecasts on the possibility
of better containment in reactor cycles up to now have no experimental foundation whatsoever. The next
five year period must bear some clarification of this most important question. .

APPENDIX

A Method of Calculating the Parameters of Reactors with Injectioh

Tokamak Reactor. It is assumed that the steady state is maintained at deuterium and 'tr:'itium con-
centrations of nq and n, respectively, and that y =nt/ndi=2.’ It will be assumed that the lifetime of particles
Tc is twice as large as the energy time 7. ’
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From the conditions of the balance of preséures '
(£)*=20-10"nT/8,,

the expressions for nTe given in the text, and the formula

Ed+?El Ed+2El R _ Sall .

T= * q__Y
3(?-‘-1) T 27 Al |

v
Id"—"——c—; 11=Yld=2ld’

the values of I, a, E4, Ig, Ty, and 7, are calculated for gwen values of T, n, Et, A, B, nrg, _and q.

The quantity Q is calculated by the formula from [3]:

E
O =5 (ot nve (00) g

Here f; is the probability of a DT reaction during the time of retardation of the deuterons with energy Ey
in a tritium plasma with an electron temperature T; (ov) is the velocity of the DT reaction in a Maxwellian
plasma with an ion temperature T.

Finally, the thermal power of the reecfcor- is ca.lculated b'jr the formula

_ =0 E-}m (IdEd +1.Ey), »
where Ep, is the power released in the reactor per fusion event, including the blanket; ETN‘ 17.6 MeV,
Open Reactor. The plasma intensification is

Q=-nt (crv) TN

where, according to [4], »
nt=2.67-10%E{® 1g, R.
The screwplug ratio in the presence of the plasma is R= RO/ v1— 3, where R, is the vacuum screw~
plug ratio. According to [4], Q reaches a flat maximum in the vicinity of E{=200 keV, For Ep, =17.6 MeV,
the maximum intensification Q =1.14 log,(R. By means of the present-day niobium—titanium superconduc—

tors, it is easytomake Ry=2 (Hy, =50 kOe; H;=25 kOe). In 5 to 10 years, obviously R, =4 might be possible
(Hp, =100 kOe; H,=25 kOe).

In the calculation of the plasma density by 8 and H,, we shall assume that the plasma pressure is p=
1.4nE;.
g i

We calculate the injection current by the formula I; =n’V/nr, and the volume of the plasma is taken

arbitrarily as 100 m®., The thermal power of the reactor P =Q(Enu/ ET'N)Ei L.

According to [3], in the presence of 23U in the blanket, Eqy can be equal to 100 MeV.
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PLASMA MHD GENERATOR FOR MODELLING ENERGY
CONVERSION IN PULSED THERMONUCLEAR REACTORS

E. P. Velikhov, Yu. M. Volkov, UDC 621.313.12:538.4
V. S. Golubev, N. V. Lobanov,
F. G. Rutberg, and A. A. Yakushev

In pulsed thermonuclear reactors energy is given off as kinetic energy of neutrons and alpha par-
ticles, and as electromagnetic radiation during a time of order 10~® sec. This energy may be released,
for example, in a lithium blanket, which must then be vaporized and form a lithium plasma with a tempera-
ture of order 1-2 eV. Higher temperatures will not increase the efficiency because of enhanced radiation
and convection losses in the reactor chamber. The lithium blanket surrounding a thermonuclear plasma
protects the walls from radiation damage and makes it possible to recover tritium which will be needed
as a fuel component in the first generation of reactors (using the D—T reaction) [1].

The lithium plasma may then be used as the working medlum in an MHD generator. In principle,
with a plasma MHD generator it is possible to convert 40-45% of the initial heat content info electricity
in the MHD generator and to convert 30-38% of the remaining heat in a steam turbine "tail.” The_overall
efficiency- of such a combined cycle may reach 60-70%..

It is possible to begin an experimental investigation of a series of problems associated with develop-
ing an MHD generator for pulsed thermonuclear reactors right now. This kind of study is necessary since
it is impossible to answer a number of physical and technical questions by computations alone.

A model MHD generator for these purposes must allow study of the energy conversion process at
the maximum possible efficiencies and must be practical from the standpoints of obtaining plasmas with
the necessary parameters and of our current ability to design and construct MHD channels and magnetlc
systems.

The following problems associated with obtaining high conversion efficiencies could already be studied
on this sort of model:

1. Stability in slowing down the core of a supersonic plasma flow in a magnetic field with a relative
"wearing down" of the velocity in the MHD channel by 50% or more.

2. Stability and stabilization of the boundary layers when the flow is strongly decelerated by the
magnetic field.

3. Possible instabilities in an MHD channel with highly efficient conversion of thermal energy (for
example, thermal constriction, production of sound, formation of shocks, etc.).

4. Effecfs occuring in plasma flows with magnetic Reynolds numbers Repy ~ 1.
5. The possibility of obtaining high load factors (i.e., electrical efficiencies of greater than 0.8-0.9).

6. More precise determination of the thermodynamic and transport properties of lithium and other
appropriate plasmas under the working conditions in an MHD channel.

7. Development of the bases for deSLgmng appropriate MHD channels and gaining experlence in the
technical development of similar MHD devices.

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 387-391, ‘December, 1975. Orlgxnal article
submitted May 4, 1975. :

©1976 Plenum Publishing Corporation, 227 West 1 7th Streer, New York, N.Y. 10011. No parrt of this publication may bc‘rc[ﬁrodzlc-ed,
| stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for S$15.00.

1043

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0

Choice of Parameters for the Model. - High énergy conversion efficiencies (ny> 0.2) are attainable
in the channels of MHD generators with active flow regimes only upon traiisition to a supersonic flow with
a mach number M > 3 at the channel entrance [2]. The efficiency ny with which the enthalpy i is converted,
given by nyy=Aig;/ipymay be written in the form

1 tg—1 » '
Ny = K T+ oto o, (1)

where w=1— (/ug)% 7=1~T/Ty ty=1+y— -1)/2)M?=T«/T; T, u,and M are the temperature, velocity,

and Mach numbers; and vy is the effective index for the isentropes of the expansion of the gas flow. The
subscript * refers to the parameters of the retarded flow and 0 to conditions at the inlet 6f the MHD channel.

For M>>1 and (y —1)< 1, ny may be written approximately as

Te—T ’
My A~ _ &)

where 77, is the electrical (internal) efficiency of the MHD generator.

In the supersonic region 1y depends weakly on the shape of the MHD channel (for those regimes with
small temperature change along the channel), and is mainly determined by the possible velocity reduction
in the channel, the local loading coefficient, and the thermodynamic conditions at the heat source (pulsed
thermonuclear reactor) and at the accelerating nozzle. It is shown in 2] that for M> 3 and y ~ 1.2 (typical
effective isentrope indices for a high temperature lithium plasma) ny reaches 40%.

The need to obtain high enthalpy conversion coefficients influences the choice of an operating regime
for the MHD channel. In a flow regime with T =const it is possible to obtain high values of nyy in the chan-
nel due to preferential slowing down of the velocity with moderate widening of the MHD channel. Tn addi-
tion, when the channel area increases moderately the T =const regime permits conversion of the velocity
with practically linear variation along the channel all the way to M=1.5. This is also true with a hegative
gradient of the static pressure along the channel, which eliminates the problem of separation of the bound-
ary layer on the insulating wall. In view of this we shall consider an MHD channel in the T =const regime.
Other operating regimes (e.g., p =const) may be considered in an analogous way.

In order to obtain high values of the internal efficiency (ny,=0.8-0.9) we shall conmder a Faraday
MHD channel with continuous electrodes at small values of the Hall parameter (ﬁ 10~%) and large loading
coefficients (K=0.85-0.90).

In determining the parameters at the plasma source and at the entrance to the MHD channel, we sha_ll
assume the following limitations:

the working zone of the channel has a length Lg =< 2m for convenient utilization and for reduced con-
struction expense;

the time for the plasma to escape is more than 20-50 times the charag:cirlstlc tlme of fhght of the
plasma through the channel (r,=TLg/ ) S0 as to establish a quasistationary flow regime in “in the core of the
flow and to develop boundary layers on the channel walls;

the interaction parameter (with respect to velocity) is Sy =0.3-0.4;
M, >1 (M, is the Mach number at the ‘channel outlet);

K= 0.85; |

Re,, =4muouly 1-K)=1;

_ the channel length to diameter ratio is 5= (LK/dK) =10 to reduce losses due to friction and end ef-
fects; .

- the current density j=3-10° A/m? so as to lighten the load on the electrodes;
the electric field strength E =< 15 - 103 V/m to simplify construction of the insulating walls;

the flow rate of the working medium is th = 10 kg/sec to simplify the requlrements on the energy
--supply for the test stand as well as because of the way the plasma is producedE] and the time the plasma
has to flow in the channel in order to attain a quasistationary régime iii the core and boundary layer of tie
flow; and

the Mach number at the channel entrance satisfied 3.5 =M=4.2.
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5 s From these limitations and estimates we obtain the fol-
lowing values of the flow parameters at the MHD channel inlet
’ i and of the plasma source parameters: P, and P,=400 and
| p— —‘— 1.56 bar; T and T, =3900 and 12-10°K; ygep=1.25; up=10.3
‘ km/sec; py=0.03 kg/m? 0;=90 Q/m; Rem,er =0.4; and B=2 T.
P 7 We have also examined the case in which the magnetic
Fig. 1. A schematic of the MHD model field decreases in time (according to a special power law) for
system: 1) inductive storage unit; 2) . optimal utilization of the working medium stored in the plasma
plasma source; 3) nozzle; 4) magnetic source chamber. Depending on how much the chamber is
system; 5) MHD channel; 6) exhaust emptied, the temperature and stagnation pressure of the MHD .
reservoir; 7) measurement system; 8) generator will fall. In order to keep the parameters of the
| control system. "MHD interaction constant in time (i.e., keep the conversion

efficiency constant) it is most convenient to reduce the mag-
netic field. This makes it possible to increase the integral
energy conversion efficiency.

Evaluation of Parameters and Design of the MHD Channel. To evaluate the change in the parameters
- in the core of the flow along the channel and the channel geometry, we have used an i—S diagram for a lith-
ium plasma assuming adiabatic flow of the working medium from a bounded volume and its subsequent equi-
librium isentrepic expansion in a nozzle.* The parameters of the working medium were considered for a
volume with P, =300~800 bar and Ty =10-20 - 10° °K.

A system of equations describing the variation in the parameters along the length of the channel {4]
were used with the following additional assumptions: the voltage on the generator electrodes, the magnetic
field, the load coefficient, and the mass flow rate are constant along the channel length while the longitu-
dinal Hall electric field is equal to zero (3=wT =107%),

The result of the calculation is that 77N=45%’ the electric power at the load is 4 - 10° W, the increase
in the cross-sectional area of the MHD channel is by eight times, and Mg, =1.7.

A schematic of this model is shown in Fig. 1. The variation in the parameters along the length of
the channel is shown in Figs. 2-4.

The plasma source can be powered by a 108-J inductive storage unit [3]. A high-pressure plasma
source (P, =1000 bar) is used to obtain a lithium plasma with the required parameters. It is joined to the
MHD channel which is located in an uncooled magnet with a saddle-shaped copper winding. The exit por-
tion of the MHD channel is attached to an exhaust reservoir in which the waste products from the working
gas are chemically cleaned.

*The results of calculations by V. V. Breev and Yu. G. Degtev were used.

<[ Jnr &
i1 =t | 3F
2 ] 4
A/m"iQ/m ol e u
. 3160
] 4+
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140)
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2+ 2k
100
8
8r !
1L . 1 i 1 ! oL DL ol . 1 1 1 e
o @ 18 15 20 Lm 0 ] ¥ Lm -
Fig. 2 Fig. 3

Fig. 2. Change in the current density and electrical conductivity of the plas-
ma along the MHD channel in the T =const regime.

Fig. 3. Change in the thermodynamic parameters in the core of the flow along
the length of the MHD channel. : '
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AL z The MHD channel is of box~-shaped desxgn The flaring of
H > the channel from its inlet to its outlet takes place in both the in~
‘rer / canst sulating and electrode walls. In front of the channel there is an
L 5L a accelerating nozzle. The critical cross section of the nozzle is
/Ve=const located in the circular part of the flow path which transforms to
sbast oF a square shape in the supersonic portion. To protect the critical
Vel ~ cross section and walls of the nozzle from the high heat fluxes it
A L is planned to cool the wall material by sweating out lithium. The
bushings on the nozzle may be made of matrices of porous tungsten.
L L f . l \ The pores on the matrix will be permeated with lithium, As the
0707 g w ¥ 20 Lm lithium plasma passes through the nozzle the lithium in the pores
Fig. 4. Power generated along the will evaporate and cool the matrix due to the heat of vaporization.

t . :
length of the model MHD generator The electrodes are made out of sheet molybedenum. For

active control of the system by the boundary layer, the electrode
surfaces must be perforated. To measure the current density distribution along the length of the channel,
the electrode zone of the channel (2 m) is made up of 20 pairs of electrodes, which, after the measuring
resistances, are connected to a common busbar. The insulating wall can be made in the form of ceramic
modules fastened to the side covers.

The profile of the channel surface is obtained by choice of the shape of the holders. The force frame
is made up of the wall support structures in the form of stringers to the electrode walls and side covers.

Peak values of energy input of 10% J, preséures of 1.4 kbar, and m'ass-average temperatures of 10%K
are obtainable in pulsed plasma sources with nitrogen, hydrogen, and air [3].

The pulsed plasma source consists of a high pressure vessel with thermally insulating walls and an
electrode system inserted into it. A diaphragm serves as a fast acting outlet valve. An electrical dis-
charge is triggered in the filled discharge chamber. This leads to heating and increased pressure of the
gas. When the desired parameters are attained the diaphragm is ruptured. Lithium hydride has been used
as the working medium in preliminary experiments. After the discharge begins, the arc column expands
and fills the chamber after about 200 usec. The field strength was about 110 V/cm at a current of about
30 kA. According to [5] the field in a lithium discharge column is about 80 V/cm. Thus, we may use 100
V/cm for the expected regimes when analyzing the plasma source. This ensures a potential drop across
the arc of about 10? V, which is optimal from the standpoint of matching to the proposed source, and induc-
tive storage system. In this case, if the heated gas is not in the discharge chamber for more than 30-40
msec the losses should not exceed 10-20% of the applied energy. Thus, we assume the discharge time to
be about 2- 1072 sec, during which 10-20 MJ is converted to thermal energy of the working medium (plasma
source efficiency 50%).

Magnet System. The proposed magnet system for this model is an iron-free pulsed magnet with a
copper saddle-shaped winding with an external power source. The parameters of such a magnet system
are the following: j=0.6"10° A/cm? 1=2.5 m; NI=1.4- 10% A-turns; S=850 X 600mm?; and B=1.8 T (here
S is the area of the working zone),

CONCLSUIONS

The construction of an experimental model for studying MHD energy conversion from a pulsed thermo-
nuclear reactor is a realistic technical task at the present time. Doing this would permit development of a
large scale MHD generator module for the typical parameters of the heated working medium in a pulsed
thermonuclear reactor.

In principle it is possible to obtain an efficiency of at least about 40% with a linear plasma MHD
generator. The efficiency of the whole plant might be increased further by utilization of the thermal en-
ergy at the outlet of the MHD channel in traditional methods,

When such an MHD generator is built difficulties with the behavior of supersonic plasma streams
undergoing strong velocity reduction in a channel and the associated gasdynamic problems can clearly be
solved successfully by active modification of the boundary layer and appropriate profiling of the MHD
channel. Some complications may arise if a regime with time varying magnetic braking is used. Also
important is the problem of the behavior of the plasma stream at large magnetic Reynolds numbers (Rey ~1).
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The basic technological problems are these: materials for the MHD channel, cooling arrangements
for the channel (especially the critical cross section of the flow path), and pumping off the boundary layer
at the electrodes and preventing lithium condensation on the channel walls. Because of the small magnetic
field required, construction of the magnet system will clearly not present substantial technical difficulties
associated with its size. v

The most important physical questions as well as a number of technological questions characteristic
of this problem may be investigated on a fairly simple model MHD generator with an output power level of
300~-500 MW, a pulse duration of 10-20 msec, and a lithium plasma source.

The authors thank V. V. Breev, V.. V.. Chernukha, and V. P. Panchencko for useful discussions, Yu.
G. Chernov for giving us the tables of the thermal and electrical properties of lithium plasmas used in our
calculations, and V. I, Rozanov for recommending values of the cross sections for scattering of electromns
by lithium atoms. ’ ' '
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KINETICS OF A SYSTEM OF COUPLED PULSED REACTORS

V. F. Kolesov, Yu. V. Petrov, ) UDC 621.039.514
and S. K. Shtarev '

There are many papers on the kinetics of coupled reactors, mainly ones in foreign journals; refer-
ence is often made to the provision of guaranteed safety in large power reactors in conjunction with ex-
tensive breeding. Here we consider the reactor in which the fission in the core is produced only by fast
neutrons, while that in the reflector (the breeding zone) is produced by fast and thermal neutrons. This
is, as it were, a double system containing a fast reactor and a thermal one. It also is very favorable from
the viewpoint of safety.

Avery at the Argonne National Laboratory in the USA first discussed the theory of coupled reactors
[1-3]; other papers [4-11] deal with the kinetics of coupled reactors, in particular, stability. A special con-
ference in the USA [12] also dealt with kinetics. Interest also attaches to a system of coupled pulsed re-
actors, in particular, a variety in which a pulsed reactor is coupled to a subcritical assembly which sub-
stantlally extends the scope for reactor experlments [13].

Here we consider the kinetics of a system of two coupled pulsed reactors, in which at least one of
them has a nonzero negative temperature coefficient of reactivity. We assume that the system as a whole
produces high-power self-quenching pulses, i.e., when the transients are determined only by the internal
coupling and the initial reactivity.

Kinetic Equations for Two Coupled Pulsed Reactors. We discuss the neutron balance for each re-
actor by analogy with the derivation of the usual kinetic equations, and get the following equations for these
two reactors:

- Ny [t— (14 —Ty)l 4+

dN ki (1—P)—1 kg (1—P)
2 T4 Ny + Teg
D ) .
+2 A {k(Cyi + ko Co; [E— (T —Ty)]} + 8, (2);
i=1
ANy kpa(1—P)—1 N+

dt Teg
ki (1— ) . N ' (1)
+2i—*‘Nt [t —(Toy— T20)] + 2-}‘4 {knczi’*‘kzicu X

T :
=1

X [E—(T2y —Tz.z)]}'f‘Sz (R

dCsi _ Bi A "
T—ENJ—}HC.HW

j=1,2 i=1,2, ..., D,
where Nj and Cjj are the number of neutrons and delayed-neutron sources of group i in reactor j at instant
Tt k and T;j are the multiplication factor (including the delayed neutrons) and the mean lifetime for the
prompt neutrons in reactor j in the absence of the other reactors, ka is the neutron multiplication factor
(including the delayed neutrons) for reactor j with respect to neutrons from reactor k (the reactor coupling
coefficient), Tik is the mean lifetime of a prompt neutron generated in reactor k and producing fission in

D
reactor j, Aj, Bj, and B = .2'1 B: are the delayed-neutron parameters (assume the same for both reactors),

D is the number of delayed~neutron groups, Sj is the external neutron source in reactor j (neutrons/sec),

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 392-396, December, 1975, Original article
submitted March 3, 1975.
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and the time shift () —7..) is the time from generation of a neutron in reactor k to capture in reactor j (we
envisage neutrons that produce fission in reactor j).

It can be shown that system (1) is identical up to small quantities of the second order with the sys~
tem of equations for coupled reactors in Avery's formulation [1]. Avery's equation system differs from
(1) in two additional equations for Ny, and N,;, while it lacks terms containing the delayed argument. Ki-
netic equations similar to those of (1) have been used by others [4-7].

Our analysis is based on-(1), as being simpler in form, and also more similar to the ordinary kinetic
equations for a single reactor; at the same time it provides the clearest indication of the effects of the
various simplifications on the accuracy.

The coefficients k,; and k,, represent the relation of the reactivity to N; and Ny; for convenience in
using these solutions, we replace N; and N, by quantities n; and n,, which are the fission rates in the first
and second reactors respectively at time t[n] (N /VT ) where v is the number of neutrons arising per
fission]. In that case,

by @) =1, @¢)—a® \ n, (t)dt — 2 ayvy (8);

ll
&\ e ydt— 3 el o)

s (£) = K, (£) — a®

- Ot o Oty

m-1
1 dw
i = @ dt - ; (2)
0
k! dzll%) : 2) /4y
e e =S"’2(t)_v (®);
]

m=1,2, ..., M.

The feedback in (2) is expressed in the form characteristic of fast pulsed reactors [14}. The following sym-
‘ t
bols have been introduced: kgj {t) as the value of kjj {t) neglecting the feedback, o 5 n;(t) dt the contribu-
]

tion to ki; ) from the fast temperature effect on the reactivity unrelated to thermal expansion of the core,
a(J)VU)(t) the contribution to k (t) from component or harmonic m of the displacements in the thermal ex-
pansmn of the core, which in general represents an inertial delay, and Vl(i]l) the conditional amplitude of com-~
ponent m of the displacements, which is defined as solution of the equation for an oscillatory system of
circular frequency wo . The parameters a(l]ﬁ k=0,1, 2, , M) are partial quasistatic negatlve react1v1ty

coefficients. The complete quasistatic negative-reactivity coefficient a0 is defined by ath = a") + 2 all.
=1

System (1) goes with (2) and the transfer from Nj to n]- and the initial value of nj, Cji’ vgl) and dvg)/dt
to give a complete description of the transients in the two reactors within the framework of the point ki~
netics for each of the reactors.

The delayed neutrons can be neglected in analyzing the rapidly changing transients; in many cases
also, it is not essential to incorporate the delay from thermal expansion. Inthat case, (1) and (2) simplify
considerably to
dny _
dt

p .
Tz —dn:— = (koo — 1) Ry + koyng [t — (Toy— To0) 5

Ty — ) ng+kpng [t —(Tiz — Tyl

kyy= K, (8) —ad \ nydt; 3)

koo =K%, (1) —a®.\ nydt.

Here a difference from (1) and (2) is that the kjk are the multiplication factors based only on the prompt
neutrons,
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It will be shown below that the neutron transfer delay ik ~Tij ) that is from reactor k to reactor j,
plays no appreciable part in real combinations of two pulsed reactors and it can usually be taken as zero.
Here we consider the kinetics of such reactors via analytlcal and numerlcal solutions of (3) with and with-
out the delay.

Initial Runip, Reactivity, and Mean Neutron Lifetime. Equatlons (1) give the reversed-clock equa-
tion similar to that in Avery's formulation {1]:

ot

[“fm —hu (1 Z 1+H )][H'm —Fa (1-

(1
— ) (1 - 12,;122) ( g 1—}-A 5y ) o )

It is found [1] that the effective neutron lifetime T and multiplication factor k in such a system are defined
by - -

D
Z

Ak (I4+AR) T Aky (1-- Aky)
A Ty, [1"“"' Ay (L B T2 1+Ak (Tﬂ“ﬂ)] |
, _ o)
Ak = ———-——Ak’—;Aks = .l/f_______(Ak,—ZAkz)z + knkzi_— Ak Ak, ,
where ' ‘
Bk=k—1; Aky=ky—1; k= kpy—1. | 6

If k, k,;, and k,, deviate only slightly from 1, the values of Ak, Ak, and Ak, can be considered as
equal to the reactivities of the following respectively: the entire system, the first reactor, and the second
reactor, which are considered in isolation one from the other. If Ak and Ak, (or Ak,) are given, Ak (or
AK,) is determined by

A=Ak +— "“"“ 7 (A= AR+ "“"ﬂzk @

For calculation purposes it is also convenient to have expressions that relate Akl or Ak, to the specified
reactor period T and Ak,(or Ak,): :

" ' Fygh
Aley=o + 12 “( +A,::‘_"“o);

“(T) ( 21+A,T) —1. ) ®)

These expressions are derived from (4) in the zero-lifetime approximation for the prompt neutrons.

Solution of the Kinetic Equations, Even the simplified equations in (3) cannot be solved analytically

" in general form; such solutions can be found only for particular cases. Solutions to (3) can be derived for
specified values of k“, k22 (stepwise change in the initial reactivity) and for a®= -0; the latter condition
corresponds to the case where the second reactor either has no appreciable temperature coefficient of
reactivity or is ina very much subcritical state, with the result that temperature variations in the reactivity
in essence do not affect its multiplication factor. Inthat case (3) is used with .the new variables J j t)=
t .

, S nj(t)dt (j=1, 2) to give
0

Ty dzz:z(t) =[Ak}—a™J (1)) dh (t) +
+ kyod o [E— (T2 — Tu)]’
‘zz dz.;;(t) = Akj sz @ + @
Ahpd [t — (‘I’zg— 722)]»
‘”_!@:ng; Ji(0)=0 (j=1,2).

We use the properties of self—quenchlng pulsed systems (dJ /dt=n; —0; J;—J;  for t —=) and integrate

| J
(9} with respect to t; algebraic steps taking nJ as small glve o

2AK kygkay | . —k ' 10
Teo=m (1~ 2iaag) i Tom= T i o)
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%2 _ v - A Expressions (10) define one of the most important char-
acteristics of the transients in such a system, namely the -
W total number of fissions in a pulse. An exact expression
a for another equally important characteristic (the pulse
o5t y o : width at half height) cannot be obtained, though an approx-
' imate expression can, From (3) we get the pulse width at
: half height 6comb for a combination of n; and n,, namely
0y 0 T 7 3 % A for

[n- _ FagTp—kigAK] (T — i) ]:
17 ARt — kygkay (T2 — Taa)

kyakey .
o . 3525ty T amyE (e AR (T —Ta0) + (Te—T3) 1}
comb AR 1 — Feaokay " (11
- AKAK

Here we have expanded the components with the delayed
argument as Taylor series up to terms of the first order
inclusive. This approximate pulse width differs only
slightly from the actual width in the reactors if these
themselves in fact differ only slightly in actual width, and
if there is only a small time shift between the pulses. It
can be shown that in fact these conditions are usually met,
so (10) and (11) give extremely full information about the
characteristics. In particular, the solutions show that
there is no change in the total energy release during a
pulse or in the ratio of the releases in the reactor when
one incorporates the delay in neutron transfer. However,
the pulse width is somewhat increased,

Fig. 1. Fission pulses in coupled reactors
in relation to parameter c: A) a=1;b=1;
pulses in decreasing order corresponding

Exact solutions to (3) without delay were obtained
by computer; the dimensionless variables

to: ¢=0;0.1;0.5;1;2:3; 5; B) a=1,b=3, r K ey o a1y
. . . =T YT T A Ak MY P T gk ™
pulses in decreasing order corresponding 2 1 5% 250
toc=0; 0.1; 0.5; 1; 2; 3; 5; C) a=—1, b=3, convert (3) to the parametric form
pulses in decreasing order corresponding .
to ¢=0; ~0.1; —0.5; —1; —2; —3; —5. g1~ ”
e (1= yar) v
0
s (12)

= y—(1+c 3‘ zdr) z;
0
yO0)=ys 2z(0)=0,
where

. Aklte, __ _kygkayTyy a® Ak,

=Rk, 0 T RREr, 0 ©T Tam{ak)E

The calculations gave the maximal values of y and z as functions of the parameters a, b, and ¢, together
with the limiting values for the integrals with respect to y and z, the pulse widths in the reactors at half-
height 6y and 6,, and the separation Ax between the peaks in y and z. As an example, Fig. 1 shows the
fission pulses in the two reactors for given values of @ and b as functions of the parameter ¢, The calcu-
lations show that the width b and 6, differ by not more than a factor 1.5, except when b is very large.

The analytical value of 6,4 lies between By and 6z (roughly in the middle), and consequently the relative
deviation of gy from the true pulse width does not exceed 25% (except for very large values of b).

The displacement of the pulse in the second reactor with respect to that in the first is small: it
usually does not exceed 1/3 of the pulse width. A single reactor will produce a symmetrical pulse, where-
as the coupled pair produces a somewhat elongated trailing edge. This is best seen for ¢ =0 (no quench-
ing inthe second reactor). The pulses in the second reactor become smaller as ¢ increases, and the same
occurs in the first reactor, butnot so extensively.
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The ratio of the fission rates varies greatly during the transient (Fig. 1). For instance, in case B, the
ratio y/z for x=7 and ¢ =0 is about 3, while for x=12 it is about 1/2. That is, the ratio of the fission rates
in the two reactors increases by a factor 6. There is thus no proper basis for applylng the so-called point
kinetic equations (ones independent of the spatial coordinates) to a coupled-reactor system, i.e., one is not
justified in replacmg the coupled-reactor system by a single reactor with single values for 7, k and a(o)
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OPTIMAL-CONTROL THEORY IN REACTOR
FLUX CONTROL SYSTEM DESIGN

G. N. Aleksakov . UDC 621,039.562:621.039.515

The point kinetic model [1] has been used to determine the time-optimal conversion of the neutroq
flux n{) from the initial level n, to the final level ns subject to restriction on the reactor period aft)= ol

%; ~ %t) < a;. Fig. 1a-c show log n ), the relative rate of change, and the excess reactivity p ), re-

spectively. The curve for o (t) has been constructed for a given time-optimal n{t) via the inverse method
of solving kinetic equations {2].

The p(t) curve of Fig. 1¢ shows that the specified a; = T% may be attained instantaneously in the

presence of lag in the prompt-neutron processes by increasing the reactivity by the step ptty) = ayl = Ti‘,
i

where I is the effective neutron lifetime. It is technically extremely difficult to realize such a change in
reactivity, but if a rod is displaced with the initial speed

p(thy=ap ' (1)

(8 is the total proportion of delayed neutrons) that should be the speed immediately after the step (Fig. 1d),

the step p (t,) = a;l is performed in the time 7 =p (ty)/b(ty) =1/8, which is about 15 msec for I = 107¢ sec.

An analogous estimate applies for the reactivity step p () required for instantly halting the reactor runup
at ny. To halt the runup at the level nf requires an initial rate of

. reactivity increase

[ .
. . 1’ . . +
b =73 e <00, @
i=t{

where B; is the proportion of group i of delayed neutrons, whose
decay constant is Aj.

The solution for time-optimal control of the flux with re~
striction on the period in the point model (see [1] and Fig, 1) in-
dicates that the physical processes in the reactor allow one tocon-

trol the reactivity with change at the finite initial rate é, = Ti
N

to produce practically instantaneous attainment of the period T
and then stabilization of this, while one can. provide a rate

6
py = 1 h B _ 1 to halt the neutron flux at the set level nf
T, < AT, T,

and stabilize it there, the flux varying before this time with a

Fig. 1. Time curves for: a)log- period T, > T;. The quantity p.max= Tir enables one to provide
arithm of neutron flux; b) rate of .
: T .
charge of flux; ¢ and d) reactivity. complete control of the neutrop flux for Iy > T,
Any neutron-flux control system (automatic regulation or

automatic specification) may be characterized by the pair of quan-

Translated from Atomnaya Energiya, Vol. 39, No.-6, pp. 397-399, December, 1975, Original article
submitted February 18, 1974; revision submitted June 23, 1975.
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9 tities (o qy; Tp): the graphs oy (7;) and 04(T4)
represent optimal matching of the control system for
Pmax to the working reactor period T, (Fig. 2); If
the point{p max; Tr) € Ry (ies below the curve. p;), the
system cannot provide instant period control within
the complete range of _working runup periods, and so
cannot meet the specifications for nuclear safety. If
(Pmaxs Tr) € Ry the system is safe, although it does
not provide _virtually instant attainment of Ty. If
(omax: T.) € 1 (T4) , the reactivity control device is
optimally matched to T,. If d’max; T,) € Ry, the con-
trol system itself can be a source of hazardous situ-
ations if there is delay in the control loop as a result
Lo _ of excessive rate of reactivity increase, in that the
Nz 4 60 40 100 Tc o - runup period will be unacceptably small.

Fig. 2. Relation of reactivity to reactor period,

£, %fsec

The rate of change of reactivity émax unam=-
biguously determines the power specification for the
servodrive motor [3]. The condition (ﬁmax; Ty) €R4
indicates that the system is not viable on account of
inadequate motor power, while the condition Pmasxs T.l‘)
€ R, indicates that the drive power is excessive. Such
a system has more hardware than necessary and is
, over-complicated, and therefore is less reliable than
a the optimal one.

The control law (Fig. 3a) or the set of rules for

. choosing the control p{) as a function of the current

pC g state of the reactor, as represented by the pair of

1C . , ﬁ li E phase coordinates An(t) =n(t)—ng and a (t), enablgs
—— La | 'j.J: IR one tvo realize optimal transient response (Fig. 1) in
— Z ' a system with feedback. The switching line vy, which

consists of the horizontal dot—dash section v, the

PM vertical section 7,, and the further horizontal section
vy, divides the phase plane An; a) into regions R +
b and R_. The control p ¢)=ujAn(t); ait) equals + pyq%

if [An(t); a¢)] € Ry and ~Pmax’ if [An(t); a(t)] € R_;
the control law is realized by means of two devices
P, and P, with characteristics of polarized-relay type
(Fig.3b). The time response p ) is provided in ac-

: cordance with Fig. 1d by motion of the system in a
sliding mode on account of pulse-width bipolar modulation of the voltage applied to the motor, The work
of the motor is eased if the horizontal parts vy, and y; on the switching line (Fig. 3a) are replaced by bands
of width 2e within which the control is zero. The width of the bands such that the oscillations become uni-
polar is determined by the delay in the control loop,

Fig. 3. a) Control law; b) circuit realization,
‘IC) ionization chamber, LA) logarithmic am-
‘plifier, PC) power control, PM) period monitor.

We now estimate the ertor in control of the flux n(t) that varies with period T{, before the level ng is
attained via the excursion An above the.level ng on account of the delay 7 in the control loop, and for 7 < T
we readily obtain

Anjns =~ T, S -(3)
Here ' '
1:%.1:0—1— T+ T+ T+ Tas

where T,=1/8 is the lag in the prompt~neutron processes in the reactor itself, while 7¢, T, Tg, and T4 are
the lags in the flux monitor, control device, servoamplifier, and drive respectively. Comparison of the
last four with 7, shows that the main source of deviation from optimal control is not the physics of the
processes in the reactor (as is often erroneously assumed in papers on reactor control), but the lag in the
control system external to the reactor. :
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It is clear that the best choice of servomotor of least power provides simultaneously reductions in
the values of T4 and Tg; the characteristics 74 and 7, are best selected on the basis of the acceptable error
and the known values of Tg and 74 using (3).

These theoretical conclusions were confirmed by direct experiments with the IRT-2000 reactor at the
Moscow Engineering-Physics Institute using a special control system based on a BIR-1 instrument.

The economic aspects of the control syétem based on the BIR-1 were compared with those of one
based on a BAR-2M instrument; not only was there an improvement in the transient response, but also
improvement in the power drawn and system size by factors 20 and 5 respectively. Here power economy
was not the principal purpose, but simply a means of simplifying the system and improving the reliability.

Experiments on the IRT-2000 treated the reactor as a physical model for any reactor; we examined
the optimal flux control in the presence of a negative temperature coefficient of reactivity, reactivity per-
turbations, and perturbations due to a neutron source. The theoretical conclusions were confirmed by the
experiments on the IRT~2000, and the results (with appropriate scaling) may be transferred to give optimal
flux control for reactors of other types [4].

" Trends in flux-control system design indicate that the characteristics are tending to converge up-
wards to the values defined by ’;max =1/T and An/ nf='r/ T, no matter what the design method employed.
The theory of optimal control thus accelerates the design of good flux control systems, while considerably
reducing the number of trials inevitable in other design methods. '

The main conclusion is that time-optimal flux control subject to réstrictions on the period is a math-
ematical formalization of considerations from a safe design for flux control systems. The mathematical
design technique provides an appreciable economic advantage not only in the final result (a better control
system) but also during the design stage in the form of savings in time and materials,
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ESCAPE OF CAS FROM AN UNSEALED FUEL ELEMENT
AFTER REACTOR SHUTDOWN

B. V. Pshenichnikov . UDC 621.039.548 : 621.039.524.4—+98

During the operation of nuclear reactors the fuel element cladding sometimes fails and the pipelines
and equipment of the primary coolant circuit become contaminated by radioactive fission products, Thus,
" it is of interest to study the mechanism of the escape of fission products through the ‘cladding of an unsealed
fuel element into the coolant during reactor operation and after shutdown.

The escape of fission products from unsealed fuel elements during reactor operation has been rather
thoroughly éxplained [1-4]. Fissions do not occur in a shutdown reactor. The low temperature of the fuel
practically eliminates diffusion as a cause of the escape of fragments from the fuel. The specific condi-

_tions of the reactor cooling appreciably complicate experiments on the escape of fission products from
leakmg fuel elements. The greatest complication arise from temperature and pressure variations.

It is therefore appropriate to analyze a mathematical model of the escape of gaseous products from
a leaking fuel element into the coolant after reactor shutdown.

Basic Assumptions. We examine gas release from a hypothetical ceramic rod fuel element in the
core of a shut down water-cooled reactor. The fuel element has a length L and diameter d, the gap be-
tween the oxide fuel and the cladding is h, and the distance from the defect to the end of the fuel element
is arbitrary and equal to I. We assume that L>d and I >>d. This makes the problem one-dimensional.

We assume that the defect in the cladding is formed during reactor operation and that at the instant of re-
actor shutdown a vapor—gas mixture at the working pressure of the reactor exists inside the cladding. After
shutdown the reactor pressure decreases to atmospheric. It is assumed that as the pressure decreases

the temperature of the vapor—gas mixture inside the fuel element cladding remains above the saturation .
temperature so that water vapor does not condense.

It is of particular interest to estimate the time lag in equalizing pressures at the closed end of the
fuel element and the total amount of gas remaining in the space under the cladding after the decrease in
reactor pressure. We place the origin of coordinates at the defect so that the closed end of the fuel ele-
ment is a distance I from the origin.

Differential Equation of Gas Release. Henceforth, we treat the vapor—gas mixture as a gas. Under
,the above assumptions the motion of the gas inside the fuel element cladding can be treated as the motion
"of acompressible fluid in a capillary-porous body; such motion is rather slow and therefore the tempera-
ture of the gas is always practically equal to the temperature of the capillary walls and the process is
isothermal.

According to Darcy's law, the flow through a capillary poi‘ous body is related to the pressure gra-
--.dient by the expression '

J= —%grad P, @
where K is the permeability, u is the dynamic viscosity, and P is the pressure inside the fuel element
cladding.

For gases the rate of change of density is described by the expression [5]
2 ()= —div [pJ] ' (2
a7 W= eIl ;

. Translated from Atomnaya Energlya Vol, 39, No. 6, pp. 400-402, December 1975, Orlglnal article
"submitted October 28 1974,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
reqordmg or otherwise, without written permission of the publisher. A copy of this article is available fromi the publisher for $15.00.
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where p is the density of the gas under pressure, I1is the porosity, and 7 is the time,

Using Eq. (1) and the equation of state of an ideal gas for an isothermal process we obtain

P K .

Bt~ T div [P grad P] (3
or for the one~dimensional case _

P K 8 oP - , 4

= [P @

After transformation and changing to the function P? we find the equation for the flow of gas inside the fuel
element cladding
a __KP & ' 6))
2 (py)= T 3w (P

The equatlon obtained is nonlinear and cannot be solved in the general form. The nonlinearity is re-
lated to the change in the pressure difference between the outside and inside of the fuel element as the gas
escapes through the cladding. The extra resistance of the defect is not taken into account in the derivation
of the equation since it is assumed that the area of the defect is larger than or equal to the stralght through
cross section of the empty space inside the fuel element cladding.

Solution of the Equation. It is clear that the greater the pressure inside the fuel element cladding the
higher the rate of efflux of gas and the shorter the time lag for equalizing the pressure at-the far end of the
fuel element with the external pressure in the reactor. If the value of P in the coefficient on the right-hand
side of the equation is assumed equal to the pressure P, in the reactor, the time lag turns out to be longer
than the actual time. For a constant value of P, Eq. (5) is linear in P? and can be solved in general form
by taking the Laplace transform. In this case the boundary conditions must indicate the constant external
pressure at the site of the defect and the absence of gas sources at the closed end of the fuel element; i.e.,

P2(0, 7= P; and 4 P*(l, 1) =0. (6
The initial condition indicates the‘equality of the pressure P inside the cladding and P, in the reactor
P2(z, 0)= P , RN

If we understand by P, the final pressure in the reactor, i.e., atmospheric, the problem'will reflect
the conditions of an instantaneous pressure drop in the reactor from the working pressure P, to atmospheric.

In this case the solution of Eq (5) for boundary conditions (6) and (7) at the closed end of the fuel
element will have the form

(2n—1)2 n2P. Kt }

4 bl (__1)n+l
Pl =P R (P —PY) gty exp { - (8)
n={

For values of the Fourier number Fj in the exponent larger than or equal to 0.5 only the first term of the
infinite series need be retained [6]. Then Eq. (8) simplifies to

P2(l, 1) = P (P — PO)-oxp  — - Fo)

for Fy>0.9, ®)
where the Fourier number has the form
F(,:l;;T’i’. (10)

The solution found leads to the fdlloWing expression for the time lag in equalizing the pressures:

Ly | [4(P

Tlagn= 3KP, pz) . 1n

Estimate of the Time Lag. To estimate Tlag Ve neglect the volume of the pores communicating with
free space and take the porosity equal to unity. ’

By using the solutions of the classical hydrodynamics equations for slow steady flow it is shown in
[7] that the permeability in darcys of a system of capillary tubes can be written in the form

K =53% 108, A (12)
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where the Kozeny constant ¢ for a rectangular cross section is 0.56 and Q is the specific surface of the
porous material.

2m dl

(13
s 3)

Q=

EEY

In this case the permeability is 0,14 .10%h2,

We take the dynamic viscosity of the gas equal to 2.5+.1072 ¢P, which is the ave'rage of the viscosities
of water vapor, Xe, and Kr. Taking Py=71 atm, Pc =1 atm, and =100 cm we find that the pressure at the
closed end of the fuel element reaches the value 1.1Pc in 4.6 sec.

If the defect is 200 cm from the end the time lag is ~20 sec.

The estimates obtained are valid for Fo 0.5. Substituting the assumed values into Eq. (10) we find
that Tlag must be longer than 0.1 sec, and our assumption is valid.

From the estimate of the time lag we conclude that the pressure inside the’ claddmg of a leaking fuel
element follows the pressure change in the reactor with only a short delay as the reactor cools down.

Estimate of the Amount of Gas inside the Cladding. Analysis of-a simplified model of the release of
gas from a leaking fuel element as the reactor pressure decreases shows that at the instant the pressure in
the reactor vessel reaches atmospheric only part of the gas which was inside the fuel element cladding is
still there. The amount of gas which escapes can be. estimated by using the gas laws. For the values of P,

_and P, assumed above and T, ~1200°K we find that 4.3% of the gas which was inside the cladding of a leak~
ing fuel element remains there. Thus as the working pressure in a shutdown reactor decreases to atmo-
spheric more than 95% of the gaseous fission products originally present inside the cladding of a leakmg
fuel element escape into the coolant. This occurs practically instantaneously followmg the pressure change
in the reactor vessel.
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DISTRIBUTION OF THE PARAMETERS OF TWO-PHASE
FLOW OVER THE CROSS SECTION OF A CHANNEL
WITH A FUEL ROD BUNDLE

Yu. V. Mironov and S, V. Shpanskii UDC 621.039.5:532.5

We describe the PUChOK-2 program designed for the thermal-hydraulic calculation of a channel
with a bundle of smooth fuel rods taking account of the nonuniformity of the distribution of flow parameters
over the cross section of the channel, The results of the calculations are compared with experiment.

The essence of the method consists in dividing the "useful” cross section of a channel of complex
shape into elementary cells within each of which the variation of the flow parameters (mass velocity, heat
and steam content) can be neglected. The bundle is considered as a system of parallel communicating
channels, and the hydraulic equations are written for each of them, taking account of their interaction.
This procedure has been used in a number of algorithms [1-5]. At the same time the hydrodynamics and
the laws of interaction of the flow in the cells are being studied intensively [6-10].

Suppose the cross section of a channel is divided into N cells. We denote the useful cross section of
the k-th cell by Fy, and the perimeters of the rods entering this cell by I}, where j corresponds to the
numbering of the walls in the cell. A steam—water mixture flows through the cell under consideration
with a flow rate Gk, a heat content iy, and a steam content xk. We denote friction at the j-th wall by Tl‘J{,
and the heat flux by q](. Cell k borders on cell n whose parameters are given the subscript n. The length
of an arbitrary line separating the cells is Iiky.

We denote by Gip the mass flow rate from the n~th cell into the k-th. We call this quantity positive
if the flow is from the n-~th to the k-th cell, and negative if it is in the opposite direction. We denote the
Reynolds stress and the turbulent transfer of heat at the cell boundary by variables with two subscripts:
Tkn 20d gy . Clearly .

Gy = — Gin. ' @
By using (1) we see that the maximum number of possible intercurrents My, % between cells is
Minax = X =) (2)

By taking account of the outflow from all cellé connected with the k-th we write the mass balance
equation for the k-th cell in the form '

4G,
&= 2 Grnr | (3)

where z is the coordinate along the axis of the channel.

Summing (3) over all k and using (1) we obtain the mass balance for the whole channel

N
) Gr =G = const. ' “)
. R=1 .
We introduce the relative quantities
yr=G4/G and gun=Grn/G; (5)

then Eqgs. (3) and (4) take the form-

Translated from Atomnaya Energiya, Vol. 39, No, 6, pp. 403-408, December, 1975. Original article
submitted February 10, 1975.
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A system of three cells can have a maximum of three connections and one cycle; i.e., the difference
between the number of connections and the number of cycles is two. If it has only two connections there
are no cycles and this difference is again two. Let us add a fourth cell. This can add one, two, or three
connections with the formation of one or two cycles leaving the difference between the increase in the num-
ber of connections and the number of cycles equal to one. A similar situation obtains in the general case
also when the initial system has an arbitrary number of cells. Thus for N cells the difference between
the number of connections and the number of cycles is

(N—=3)+2=N—1.

This means that after using the equations of the cycles N — 1 intercurrents remain undetermined.
To this number must be added the N quantities yi and p; i.e., the total number of unknowns is

N1 N+1=2N.

But the mass and momentum balance equations for the cells give us just this number of equations. These
results enable us to eliminate the intercurrents g, explicitly from the system of equations to be integrated.
This procedure permits the representation of the convective intercurrents g by linear functions with con-
stant coefficients of the rates of change of flow rates in the cells (dyk/ dz) and thus to eliminate the neces-
sity of iterations to equalize the pressures over the cells.

Dissipation and the kinetic energy of the flow can be neglected in setting up the energy balance for
the flow in the k-th cell For the heat content iy in the cell we have

(Ghlk)— W i+ Z Gknlkn 4 2 o I - (11)
. i n . no
Here the first term on the right-hand side is equal to the heat supplied to the walls entering the cell; the
second term corresponds to the energy entering the cell with the convective mass intercurrents, and the
third term is the influx of heat as a result of turbulent heat conduction at the cell boundary. The heat con-
tent brought by convective intercurrents is equal to the heat content in the donor cell. The enthalpies of
the flow in Eq. (11) are defined as the average discharge enthalpies. One can assume that in boiling the
state of the steam corresponds to equilibrium: ig=i" and vg=v". It is known, however, that the param-

" eters of the liquid phase can differ from the equilibrium values because of the surface boiling of an under-

heated liquid. In this case further relations are required to describe the state of the liquid phase.
The mass balance for the liquid phase in a cell has the form

v evap
Lok — — Gy + ) Gunn, | o (12)

where Gyk ={(1 = xk)ykG is the flow rate of the liquid phase in the cell, Gﬁvap is the rate of evaporation of
the liquid phase, xi is the steam content of the flow in the cell, and the sum on the right-hand side corre-
sponds to the inflow of the liquid phase from the neighboring cells, Assuming as before that the structure
of the interflow is similar to that of the main flow in the cell we have :

Gwhn = (1- —xkn) ghn o ) . (13)
where Xkn 18 the steam content in the donor cell. -Then the equation of energy flow in the cell has the form

(Gwhlwz) =2 thhah_lkah + >\ Gw knlwhn + 2, gwrnllwen- ’ (14)
j n
In this expression the coefficients . gwe the fractlon of the entering heat flux going into heating theliquid
phase. Consequently (1 — s’ )q goes into the formation of steam, As before i is the heat content of
the liquid phase in the donor ce l(ll and qykp 18 the turbulent heat flux at the bound%ry of adjacent cells.
Expressing G(i{vap from (12) by using (5) and (13) we obtam

d 1
(1 _zk) Y —— LWk Z q‘;tﬂ Sk + 2 & nl\\kn *. ra z qwlmnkn (15)
Thus Egs. (7), (8), (11), and (15) together with (6) and (10) for determining the intercurrents gy,
comprise a system of 3N +1 first-order equations containing the 3N +1 unknowns p, yi, ik, and iy k=

1, 2,..., N) which suffice for the calculation of the flow of the steam—water mixture in a system of inter-
connected elementary channels,
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Fig. 1. Comparison of calculated and experimental values of the pressure drop (chan-
nel No. 1{6]). Heat flux 0,434 MW/m?, inlet temperature: a) 210-215; b) 221-228; c)
238-240, d) 257-262, €) 244~250, f) 219~222°C for a heat flux of 0.540 MW/m?,

Fig. 2. Compartson of calculated pressure drop w1th experlmental data of [7} 0) chan—
nel A'o) channel B.

If it is assumed, as usual, that the specmc volume Vlk in Eq. (8) is a function of the local flow param-
eters in the cell (p, Xk, Gk), i.e.,

oip _ Pix 9P |- Pin dn 4 Fin dlh iy diwp , : (16)

dz ap dz dyr  dz 6zk + 6zwk dz ’

the system obtained is almost linear in the derlvatwes with respect to z because a number of the quah-
tities (Jxp» ikn- iwkn) depend on the signs of the interflows which in turn are determined by the derivatives
of the flow rates over the cells. However, there is a rather long section of the channel where the inter-
flows retain their directions; i.e., the signs change rather rarely. This is important for the numerical
integration of the system. The system obtained is integrated lengthwise by Euler's method w1th a scaling
which gives adequate accuracy for a small expendlture of machlne time.

Placing spacing grids in a channel riot only produces addltlonal resistance but also causes a redlstn-
"bution of the flow rates between cells. The analysis of the fluid flow through a grid can be conveniently sep~
arated into two stages. In the first stage there is a redistribution of flow rates between the cells of the
channel, and in the second there is observed a trend toward a constant flow rate in each cell through the
local resistance accompanied by pressure losses which can be characterized by the coefficient‘ofw resis~
--tance of the grid in the cell, Taking account of the equality of the pressure drops in all the cells this model
leads to a system of nonlinear algebraic equations which is solved by the method of successive approxima-
tions in the PUChOK-2 program. '

The terms characterizing turbulent exchange by momentum and energy iti Eqs. (8); (11), and (15) are
proportional to the difference in velocities or heat contents in the cells and can be written in the form

LT G YnVpn .yth';k .
Tt (TR ) (17)
Sz
Ghn L (iwn—iwk)’

Ly,

where eg( is the coefﬁ01ent of turbulent exchange between cells dependlng on the system flow pardmeters,

- Lk isthe characteristic mixing length, and ¢ detiotes avériging ovét the cross séction of the ceil In the
PUChOK-2 program the sg are extrapolated from the equatlons given in [1] for smgle-phase flows, which
is equivalent to assuming a homogeneous structure of the two-phase flow at the cell boutidary.
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Fig. 3. Distribution of mass velocity and heat content in cells of a 16 rod
bundle (data from [8]). Pressure 82.6 bars, power 1,5 MW. Mass velocity:
a) 1350; b) 2700 kg/m? sec; O, 0) experiment; ——, —. —. ——) calculation
for hot and cold cells respectively. ‘ :

Fig. 4. Longitudinal distribution of volumetric steam content in cells of a

channel with six rods [9]. a) Experiment No, 13037; b) experiment No. 13042,
, —. —. — =) calculation for central and peripheral cells,

O, @) experiment;
respectively.

Relations obtained in experiments with pipes [11, 12] were used to complete the above system of
equations and to characterize friction, the origin of surface boiling, and the slipping of phases in the cells.
In this case the hydraulic diameter of a cell is taken as the controlling dimension.

The pressure, heat content, and coolant flow rate are generally known at the channel entrance. How-

ever, in order to solve the equations obtained it is necessary to specify the initial distribution of flow rates
over the cells. Asg a rule there is an unheated portion of the channel before the heated part, and this per-
mits taking the stabilized distribution of mass velocities in the cells as the initial condition. The system
has a large attenuation and therefore, as calculations show, small variations of the initial distributions do

not affect the results of the calculation at a large distance.

Thus, with the PUChOK-2 program one can investigate the distribution of thermal~hydraulic param-
eters of two-phase flow over the height and cross section of the rod assembly.

Figures 1 and 2 compare the pressure drop calculated by the PUChOK-2 program with experimental
data from [6, 7]. The experiments in [6] were performed at the Kurchatov Institute of Atomic Energy on
bundles of 19 rods 13.5 mm in diameter and 7 m long. The rods were packed in a triangular and square
arrangement in a circular drum. Two types of spacers were placed 350 mm apart. The data from [7] were
obtained on a bundle of nine rods 1 m long and 10.2 mm in diameter. The rods were arranged in a square
lattice with five spacers along their length, The calculated results generally agree with experiment to with~
in 10~-15%. This accuracy is satisfactory for such complex hydraulic calculations.

Although the calculated hydraulic losses do not agree with experiment, such agreement is, strictly
speaking, a sufficient condition for the reliability of theoretical data on the internal structure of flow in a
channel, but it is necessarily also an indirect confirmation of the correctness of the theoretical model for
a large number of experiments analyzed. The most useful test of the procedure is, of course, a compari-
son with directly measured distributions of flow parameters over the useful cross section of the channel.
Not many such studies have been made. In addition the technical complexity of such measurements sig-

mflcantly affects the accuracy of the results obtained.
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Figure 3 compares calculations by the .
PUChOK-2 program with experlmental data from
[8]. The experiments were performed on abundle
of 10.72-mm-diameter rods in a square lattice
with a pitch s/d=1,32. The nonuniformity of heat
release over the cross section of a channel was
simulated in the experiments, and at the exit from

d the section there were different flow rates from
g4 I two geometrically identical cells with different
! heating ("hot" and "cold" cells; the whole useful
0 °7 ; 3', - o; cross section of the channel was divided into 16
zm : cells in the calculations). The calculationgives a

good description of the decrease of mass velocity
in cells with initial surface boiling. For steam
contents of ~10% there is a considerable spread
of the experimental results, so that the heat con-
tent in-a "cold" cell sometimes exceeds that of a
"hot" cell. The calculations do not give such ef-
fects. It should be kept in mind that arranging
for separate discharges from the cells causes
perturbations in the flow of a magnitude which is
difficult to estimate theoretically and to control

- experimentally,

Fig. 5. Longitudinal distribution of volumetric
steam content in cells of a channel with 36 rods
.[10]. Experiment No. 313020: a) cell 1 (central);
b) cell 2; c) cell 3; d) cell 4 (peripheral); O) ex-
periment. Calculation: 1) by PUChOK-2program;
2, 3) by HAMBO program, mixing coefficients 2)
0; 3) 5.

Investigation of the distribution of the volumetric steam content of cells by the transmission of nar-
row beams of gamma rays gives less information than separate discharges, but it does not distort the
structure of the flow in a bundle. This method was used in [9] to investigate a bundle of six rods in a cir-
cular cylinder. Figure 4 compares calculations with experiments in which the steam content in cells was
measured over the whole channel length. The calculation is in good agreement with experiment for the
central "hot" cell, but for a peripheral cell the experimental points lie somewhat above the calculated
curve. The relations for volumetric steam content based on data for circular pipes may require a certain’
refinement in transforming to cells of complex shape, '

Figure 5 compares calculations with one of the experiments of [10] on the volumetric steam content
in cells for a bundle of 36 rods. The useful cross section of the channel was divided into four concentric
cells for the calculations. The channel was gamma rayed in 12 directions. The figure also shows curves
calculated with the HAMBO program [2]. The second and third cells show the best agreement of calcula-
tion and experiment. The experimental data for the first cell have a very large spread; in the fourth cell,
as for the data of [9], the calculated values lie below the experimental data.

Further improvement of the calculational methods required refining our knowledge of the hydraulics
of two-phase flow in an elementary cell of a channel, exchange at the cell boundaries, and the flow around
the spacers in the channels.
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QUANTITATIVE ESTIMATION OF THE CORROSION
OF ALUMINUM ALLOYS UNDER CONDITIONS
OF HEAT TRANSFER

V. V. Gerasimov, A. I. Gromova, ' UDC 621.039.54
and V. G, Denisov

Experience in reactor building shows that aluminum élloys may be successfully used as material for
the cans of water-cooled-reactor fuel elements [1].

It is accordingly very important to study the corrosion resistance of these alloys under conditioﬁs of
heat transfer. Authors studying the effect of thermal flux on the corrosion resistance of various materials
[2-5] earlier came to the conclusion that corrosion took place more rapidly under these conditions as a
result of the rise in temperature at the metal/oxide boundary. For aluminum alloys the situation is exac-
erbated by the low thermal conductivity of the corrosion products.

The rise in temperature at the metal ~oxide interface may be very considerable for high values of
the thermal flux. If we consider that a temperature of 300°C is close to the maximum value at which (from
considerations of corrosion) the use of aluminum alloys is permissible, the presence of a thermal flux
may exert a considerable influence on the corrosion resistance of the alloy in high-temperature water.

A number of methodical difficulties impede the study of corrosion at high temperatures, pressures, and
thermal fluxes; it is therefore very important to correlate existing results and develop methods of predict-
ing the corrosion resistance of an alloy quantitatively.

In this paper we shall make use of existing data relating to corrosion tests on the aluminum alloy
M388 (Kh8001) containing ~0.5% -Fe and ~ 1% Ni, and shall estimate the corrosion resistance of this alloy
theoretlcally under heat-transfer conditions correspondmg to the movement of the coohng water. | ’

The results of an earller study of the corrosion resistance of aluminum alloy M388 under autoclave
conditions at various temperatures [6] show that up to 350°C the corrosion process obeys a parabolic law,
i.e., it is controlled by diffusion. The loss of weight by the metal may be expressed as a functlon of the
testing time for any specified temperature (Fig. 1) by using the equatlon

1
W=at?, _ 1)
‘where W is the loss of weight by the metal in mg/cm?, a is a temperature~-dependent coefficient, T is the
testing time in h. Between the coefficient @ and the corrosion velocity constant we have the relation
e 2
| K==% 2 , 2)
where K is the corrosion velocity constant in (mg/cm??/h, which is a function of temperature under spec-
ified conditions and is related to the latter by the Arrhenius equation
Q
K=Ae BT, @)

The activation energy of the corrosion process Q may be found from the equation log K=£(1/T), il-

lustrated in Fig. 2.

In order to calculate the corrosion in the presence of a thermal flux, the value of the temperature
in Eq. (3) must be found from the heat-conduction equation. Remembering that the film thickness of the-

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 409~-411, December, 1975, Original article
submitted May 16, 1975.
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repordmg or othenwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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% corrosion products is much smaller than the diameter of the fuel-
4 element can, we may use the heat-conduction equation for a plane
“& wall
%072 )
B T=Ty 8 “)
‘é 5 where T is the average temperature of the corrosion products in
5 . °K, T, is the temperature of the oxide —water interface in °K, 6 is
% . the thickness of the corrosion film, m, q is the specific thermal
=2 1 4 flux, kcal/(m?®-h), A is the thermal conductivity of the corrosion

0 3w @ Tk products, keal/(m-h-°C). '
Fig. 1. Corrosion of alloy M388
in distilled water [6] at various
temperatures, °C: 1) 350; 2) 250;
3) 200; 4) 100, :

Equation (4) contains a term equal to half the thickness of the
corrosion film, since it is used to determine the mean temperature
of the corrosion products. It is this temperature which should be
substituted into Eq. (3), since the limiting stage of the corrosion
process is the diffusion of the oxygen anions through the protective
0 films of corrosion products [6, 7.

In view of the fact that the corrosion of aluminum alloys in

g - water is controlled by diffusion, the rate of the oxidation process
«’E‘ %0 may be expressed by the equation ' ,

Q

@ w K ' (5)
E Tt Wy

;,'?7' where Wy is the amount of aluminum entering into the protective

oxide film in mg/cm?,

tg e o N\ For static test conditions in an autoclave it may be considered
15 47 149 20 2,7 000/TK that all the metal corrosion products occur in the form of a film,
until the instant at which they peel off. Taking account of this, we
may express Eq. (5) in the following form for corrosion under heat-
transfer conditions:

Fig. 2. Logarithm of K as a func-
tion of temperature.

AW _ Aexp (—Q/RT) (6}
dt w :

In order to reduce Eq. (6) to a single variable we make use of Eq. (4), in which the film thickness of
the corrosion products is replaced by the quantity W (linearly related to the film thickness), and obtain

W __ Aexp(—Q/R(To+cW) {7
dt w ’ :

where ¢ is a quantity equal to 2.9 - 10~%q/A for aluminum alloys.

On solving the differential equation (7) by the Runge—Kutta method in an electronic computer, we
may thus obtain the W=1(r) relationship under static conditions in the presence of heat transfer.

Under dynamic test conditions, in the presence of heat transfer, we must allow for the increase in
the coefficient K in Eq. (2) and also for the intensive transfer of the corrosion products into the water as a
result of dissolution and the mechanical abrasion of the oxide from the metal surface. The rate of transi-
tion of the oxide into the water is approximately constant for steady-state hydrodynamic conditions, and is
determined by the temperature at the oxide—water interface [8]. Since the corrosion rate falls as the film
of corrosion products grows, while the rate of their transfer to the water remains constant, a dynamic .
equilibrium should be established, after which the thickness of the film on the metal surface will remain
constant. This explains the linear time dependénce of the corrosion products in long experi'ﬁ;ents. Since -,
the corrosion rate on the linear part of the corrosion-time curve equals the rate of dissolution, we may _
determine the latter from the equation S=AW/At, where S is the rate at which the oxide passes into the .
water (referred to the amount of aluminum), in mg/ (cmz'h); AW is the mass loss of metal corresponding
to the linear part of the curve, in mg/ cmz; and At is the time during which mass loss océurs'_,’-i—n h.

It has already been mentioned that for the system in which thetests arebeing conducted the rate of
transition of the oxide into the water is a function of the temperature at the oxide—water interface only.
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‘ TABLE 1. Corrosion of Alloy 8001 in Desalinated Water at T =250°C

_ Calc. for Al, mg/cm? “Expt. for Al, mg/cm?
Time, h in the . total in the s total
oxide film in H0 corrosion oxide film in H,0 corrosion
1000 - 8,08 12,40 20,48 6,00 11,30 . 17,80
2013 9,51 24,90 34,41 8,26 25,13 ] 33,39 -

Note. Thermal flux q=40 W/cm?, water flow velocity 5 m/sec.

Thus S may be determined from the results of tests carried out on the alloy without heat transfer, but at
the temperature corresponding to T, in the case of tests in a thermal flux. From the material balance we
have

W=W; +8t. ‘ : : (8)
‘Subsvtituting Eq. (8) into (5) we obtain
w _ K : : 9)

“dv T W—S8t
As already indicated, under dynamic conditions the corrosion velocity constant is higher than under
static conditions; for subsequent calculations we shall need to determine its value. For a dynamic system
in which the formation of the protective corrosion film is accompanied by its dissolution in the water, we
have the following equatlon ’
W

=¥ E (1 exp(~WS/K), a0

where W is the loss of metal as a result of corrosion in mg/cmz, S is the rate of transition of the oxide
into the water in mg/(m?-h), K is the corrosion velocity constant in (mg/cm??%/h, T is the test periodinh.

Equatilon (10) may be derived, as in [9], by allowing for the parabolic process of film formation
and the linear dissolution of the corrosion products. The constant K may be found from Eq. (10) by s1mp1e
calculation for large values of W; when the exponentlal term may be. neglected: - -

K =S8 (W —8r). » ' (11)
Using Eq. (11) to determine the corrosion velocity constant at any temperature, and also the equa-
tion .

Ky _Q Ta=Ty o : | (12)

=g 7r7,

we may find K for the conditions under which the corrosion was calculated in the presence of heat transfer.
If we assume that this value is K,, from Eq. (12) we obtain .

K,=K,exp[Q (T, —-T,)/RT,Tz], . (13)
and correspondmgly, on allowing for (4), (7), and (8), we shall have the following equation for Ty:
Ty Tytc(W—S1), ' : (14)
-where ¢ is equal to 2,9 -107%/A for aluminum alloys.

Under dynamic conditions the corrosion in the ‘presence of heat transfer may be expressed in the
following way after using (5), (9), (13), and (14):

aw SPE

Q \Tytc W —S1)=T4)/(To+c (W—S0)T4]
dt : W—St . ’

(15)

This equation may be solved, as in the case of Eq. (7), by the Runge —Kutta method, or in some other way,
using an electronic computer. : .

If computer calculation is for any reason dlfflcult the variables in Eq. (15) may be separated by
making the substltutlon

Wf = W——ST.

In this case the solution may be reduced to the integrated form
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W
Wi dWwi
= | : (16)
(To+cWf )—=T4
0 K‘exp{ T——-————0+6Wf )T1 J —S1

The latter expression may be calculated by the Slmpson method, estlmated graphically, or again submitted
to the computer.

_ Thus, we may neglect the amounts of the deposits formed on the heat-transferring surfaces. This is
because the oxide film consisting of aluminum corrosion products is extremely susceptible to dissolution.
Under such conditions we can hardly expect the deposits to be firmly attached to the heat-emitting surface
[10]. The method here proposed was verified for the case of corrosion on the aluminum alloy Kh8001,
which has been the subject of a great deal of research. The results of the calculation are shown inTable 1,
together with experlmental data published in [8].
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CONTINUOUS RADIOCHEMICAL ANALYSIS OF THE FISSION
PRODUCTS IN AN AQUEOUS COOLANT OF A NUCLEAR REACTOR-

L. N. Moskvin, L. K. Zakharov, - UDC 543.544.621.039.5
G, G. Leont'ev, V, A, Mel'nikov,
I. S. Orlenkov, and G, K. Slutskii

Continually supplied information on the concentrations (activities) of the fission products in a coolant
can be used to monitor the state of fuel-element jackets in a reactor. Methods of continuously monitoring
the activity of some krypton and xenon isotopes and of some fission products which are sources of delayed
neutrons are investigated in [1]. The goal of the present work is to develop a continuous radiochemical
analysis method for I, Cs, Ba, Sr, and Ce isotopes in an aqueous coolant of a reactor. A continuous two-
dimensional chromatographic separation of the elements is employed to separate cesium from salt solu-
tion of complex eomposition and to separate rubidium from cesium [2]. E '

The conventional two-dimensional chromatographic separation of substances takes place in a rotating
sorbent layer of homogeneous composition, The simultaneous separation of I, Cs, Ce, Ba, and Sr isotopes
by virtue of their sharply differing chemical properties is conveniently made with various sorbents [3]. -A
possible scheme of this process involving several sorbent layers arranged in series is shown in Fig. 1.

The mixture to be analyiéd is continuously fed to the sorbent layers which are arranged in series
and rotated at a constant rate. Depending upon their chemical properties, the components of the mixture
are selectively absorbed by the various sorbent layers and, after arriving at the zone with eluting solvents,
are washed from the sorbents. A practically continuous process can be obtained with uniformly rotating
sorbent layers which are separated by fixed intermediate collectors. A component which was not absorbed
in the precedmg sorbent layers arrives at the lower layer, is absorbed by it, and, having entered the elu~

“tion’ zone, is washed from the sorbent layer. The position of the intermediate collector chamber must ac-’
count for the shift of a particular component during its
passage through the upper rotating sorbent layer; the

. /lf ‘2 shift takes place over the angle
o h .
B . . / sorber/l;/l/ay /r/ b=0-, (1)
|5 where w denotes the rate of rotation of the sorbent
4 layers; h' denotes the height of the upper sorbent layer;
and v denotes the velocity with which a component
moves.,
5 The exit points of the zone containing the com-~
’5 ponent to be separated from a sorbent layer can be
[~ determined from the function which describes the shift
of the zone during the two-dimensional chromatographic
Fig. 1. Scheme of the two~dimensional chro- process: ‘
matographic separation of a multicomponent v,
mixture: 1) mixture to be analyzed; 2, 4, 6) 360 A+ Ka 5 - : 2)
eluents for the first, second, and third com- e=7 ( P ) h, @)

ponent, respeetively; 3, 5) first and second

hi -
component, where o (degrees) denotes the angle by which the max

imum of the zone deviates from the direction of eluent

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 412-415, December, 1975. Original article
submitted February 10, 1975; revision submitted May 12, 1975,
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flow; T denotes the period (min) of rotation of the sor-

l
l i L d : bent layers; v (¢cm/min) denctes the linear velocity of
Vit 771 V747 A/j the solvent flow; h (cm) denotes the height of the sorbent
S \ NN NN \\\ g/ layer; K4 denotes the distribution coefficient of an ele-
:,///‘ 17 / 7 /\.:é 7l ‘ment in the sorbent—eluent system; and V/V, denotes
. % /;/ /f the volume ratio of the fixed and moving phases in the

mass of the sorbent.

Two-~dimensional chromatography must satisfy
additional requirements when several sorbent layers
are used in the separation of various substances. When
the mixture to be analyzed is simultaneously fed to the
rotating layers, the eluents must be added separately
to each sorbent layer and the fractions must be sep-
arately removed from each sorbent layer. Figure 2
_ shows a two-dimensional chromatographic apparatus
l “I‘” , L _ with several sorbent layers for separating multicom-

ponent mixtures, The sorbent layers have the same
shape and consist of fluoroplastic (Teflon) rings with
cylindrical openings filled with porous sorbent mod-
ules which were cut from a single porous block with a
diameter tolerance of +1-2%; the modules werepressed
into the ring opening. When this preparation of the
two-dimensional columns is employed, the difficulties
are avoided which otherwise arise when porous mate-
rial is simultaneously fritted with the surrounding
walls of a monolithic fluoroplast; therefore our method
is more convenient than the previously described meth-
od of [2]. Each sorbent layer is composed of 36 cy-
lindrical columns with a height of 20 mm and a diam-

Fig. 2. Scheme of the two~dimensional chro-
matographic apparatus for the continuous sep-
aration of the I, Cs, Ce, Ba, and Sr isotopes:

1) transverse slot through the intermediate
collector; 2) chamber of the upper collector;

3) upper collector; 4) porous sorbent; 5) inter-
mediate collector; 6) sorbent ring; 7) chamber
of the intermediate collector; 8) lower collector,

TABLE 1. Distribution Coefficients of I,
Ce, Cs, Sr, and Ba in the Sorbent~Eluting
Solution System

Element : : eter of 8 mm. It was established that these dimensions

Sorbent Eluting solution K
ted g d i -
separate ' guarantee quantitative sorption of the elements to be
TOA lodine 1 3 NH,NO, 0.3 separated at flow rates of 1-10 cm/min of the sample
D2EHPhA! Cerium 0,01 M Trilon 0,1 to be analyzed. Sorbent layers are arranged between
APM | Cesium 5,%NPI-II_I,‘1\='053’5 3.0 fixed upper and lower collectors and separated by the
KU-2 | Strontium | 0,01 M Trilon {4,5(strontium) fixed intermediate collectors. The upper collector
and barium| B, pH=10 1} 2,6 (barium)

comprises four insulated chambers having a length of
1/4 of the length of the circumference of the sorbent
layer; the lower collector comprises 12 chambers. The intermediate collectors are rings of monolithic
Teflon provided with a transverse vertical slot having half the length of the circumference of the sorbent
ring and a radius equal to the radius of the porous part of the sorbent layer; the intermediate collectors
also comprise chambers which are insulated from each other. Four chambers in the upper and lower
parts are provided in each intermediate collector; the chambers have a length of 1/8 of the length of the
circumference. The chambers in the upper part serve to collect the eluents from the upper sorbent layer;
the chambers in the lower part are used to supply eluents to the lower sorbent layer. The transverse slot
in the fixed intermediate collectors facilitates the passage of the sample material through the layers.

Four sorbent layers are inserted in the chromatographic apparatus for the continuous separation of
I, Cs, Ce, Ba, and Sr isotopes. These sorbent layers are arranged in the following sequence: trioctyl '
- amine (TOA) for separating iodine; di-2-ethylhexyl phosphoric acid (D2EHPhA) for separating cerium;
ammonium phosphoromolybdate (APM) for separating cesium; and KU-2 cationite for separating barium
and strontium.

The sorbents were prepared in the form of blocks by uniformly distributing the extractants and solid
ion-exchange resins in the bulk of a compact inert carrier material according to the known method of {3].
The conditions for the continuous separation of I, Cs, Ce, Ba, and Sr isotopes were calculated according
to [2]. In order to avoid a smearing of the zones at increasing o, the initial parameters g, V, T) were
selected so that the o values were minimal. The eluting solutions and their concentrations were selected
on the basis of data obtained under static conditions for the distribution coefficients of the elements to be
separated in the sorbent-eluting solution system (Table 1). The period of rotation of the sorbent layers
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TABLE 2. Sequence of Feeding the Solutions
into the Chromatographic Apparatus

No. of collector

" Solution and channel

Mix to be analyzed 1, 1
1 M NH;NO; 1, 3
Trilon B, pH=5,5 2, 2
5 M NH4N03 3, 2:
. Trilon B, pH=10 4, 2
0,1 M HCOOH 1, 2

Remark. Collector 1 is the upper collector;
the first, second, and third intermediate col-
lectors correspond to collectors 2, 3, 4, re-
spectively (see Fig 2). -

- TABLE 3. Activity of the Isotopes which

were Separated from the Various Sorbents
% of the initial isotope quantities)

No. of ]
channel : .
and. TOA D2EHPhA | APM | KU-2
collector ’
1 - - 1,0 |7 —
137Cg
2 98,04-2,0 | 91+3 9243 | 9742
131] 144Ce 13705 1338,
3 | - £,0 5041 | 2,0
144, 147Cs 1338,
4 — — — —

} Tospecialventilation

To special
sewer system

3
' ‘1.:0, special ystem

Fig. 3. Block scheme of the apparatus for
the continuous monitoring of the iodine and
cesium activities: 1) sampling line No. 5;
2) sparger; 3) sample preparation unit; 4)
apparatus for the two-dimensional chro-
matographic separation; 5) measuring cham-
ber for the cesium fraction; 6) digital printer;
7) recorder; 8) tape recorder; 9) LP~4840.
analyzer; 10) UMShA-~2 amplifier; 11) shield-
ing; 12) measuring chamber for the iodine
fraction: 13) DGA (K)-25 sensor.
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was 30 min, and the feed rate of the solution 2.8 cm/
min, which corresponded to a sample consumption of .
0.5 liter/h when the sample was fed in through the chan-
nel of the upper collector, Under these conditions the
a values calculated with Eq. (2) did not exceed 15° and,
hence, the output of the zones of substances to be sep-
-arated by the two-dimensional apparatus could be pre~
dicted for the chambers situated directly under the
feed chambers of the eluting solutions. The deviation
of the flow of components which were not absorbed was
determined with Eq. (1) and brought into account by
successive 3° shifting of the fixed intermediate col-
lectors relative to the upper collector and relative to
each other. Before the separation, cértain amounts of
formic acid (for stabilizing the isotope ions) and am-

“monium chloride (for suppressing the absorption of

alkali-~earth elements on APM) were introduced until
the concentration of the substances in the sample to be
tested reached 0.1 M. The sequence in which the mix-
ture to be analyzed, the eluents, and the washing solu-
tion (0.1 M HCOOH) were fed into the chromatographic
apparatus is indicated in Table 2.

The I, Ce, and Cs fractions were collected through
the (upper) receiving channels of the first, second, and
third intermediate collectors; the fractions of the rare-
earth elements were collected through the channels of
the lower collector. The analysis of the continuously
separated fractions began after 30 min (time required
for a single rotation of the sorbent layers; after this
time, a stationary front of the components separated
had been established).

The two-dimensional multisorbent chromato-
graph was tested with a model solution containing radio-
active 1311, 44Ce, 1%Cs, and '®Ba isotopes. The re-

. sults of yspectrometric measurements on the fractions

separated from each sorbent layer is listed in Table
3. More than 90% of each isotope had been separated
practically in a single channel which was situated under
the feed channel for the eluent of the corresponding
collector.

The apparatus was tested in practice with sam-
ples of the coolant taken from the main circuit of the
Power Reactor in the I. V. Kurchatov Institute of Atomic
Energy, where the two-dimensional chromatographic
apparatus with two sorbent layers (TOA and APM;

Fig. 3) was used.

We indicate below the specific activities of the
various isotopes at the time at which the coolant sam-
ple was taken (activity expressed in Ci/liter):

138Cs . ., . 9.6-10°5 134y - 9.0.10-7
139Bg . . . 8.9.10°5 21 . 8.0.10-6
"140Ba , , . 1.2.10-6 183y . . 1.0.10°8
osr L. L 2.4-10°° 13a7 ., . 2.3.10°%
25r . . . 3.5.10° 1351 1.3-10°5
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The rate at which the solutions of the separated fractions flow through the measuring chamber is equal to
the flow of both the coolant and the eluents and amounts to 0.5 liter/h. The time required for transferring -
the sample from the core to the point of measurement was 15 min in this case. Spectrometric measure-
ments of the iodine and cesium fractions were made with an 80-ml measuring chamber and a Ge(Li) de- -

tector with a volume of 25 cm®, which were used in conjunction with a UMShA~2 amplifier and an LP-4840 .
800-channel amplitude analyzer

The resolution of the spe_ctrometer was 7.5 keV for investigations at the energy 1332 keV; the ac-
curacy of the calibration was +6 keV in the range 0-2200 keV and #4 keV in the range 0-1400 keV. For
shielding the detector from the background radiation, the detector was inserted into a lead casing with a
wall thickness of 10 em. Two cycles of continuous 7-h operation of the chromatographic apparatus were |
run under constant conditions of reactor operation. Evaluation of the v radiation spectra has shown that
the activity of the iodine fraction originates from the '*!"!¥] isotopes, whereas the activity of the cesium’
fraction stems from the 134 I3Cg isotopes. The spread of the measured activity values did not exceed
25% when the power level of the reactor was constant, The results obtained in testing the method lead
us to the conclusion that two-dimensional chromatography with several sorbent layers arranged in series
can be used in systems for the continuous monitoring of the composition of multicomponent mixtures.
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PHYSICQCHEMICAL BASES AND CALCULATION
OF VAPORIZATION PROCESSES FOR HIGHLY
ACTIVE NITRIC ACID SOLUTIONS

A. N. Efimov, M. I. Zhikharev, L _ UDC 541.123:546.791.6
- and Yu. P. Zhirnov .

Highly active, aqueous nitric acid discharge solutions formed during the extractive treatment of ir-
radiated nuclear fuel are stored in special containers made of stainless steel; they are usually vaporized
“in order.to reduce their storage cost [1]. :

The solutions subject to vaporization represent multisalt .systems of the type: HNOz—H,0~ Me (NOs)p,
where Me is Na*, K, Ca?t, Be?* A13*, Fe3* and other ions of their mixtures. :

The physicochemical bases of the vaporization processes for such solutions constitute the data con-
cerning liquid—vapor equilibrium in the systems under cons_ideration.' Knowing the distribution of HNO,
between the liquid and the vapor, one can calculate and choose the optimal schemes for vaporization pro-
cesses guaranteeing a high degree of concentration. Up to the present, however, an empirical approach:
reproduction of the process in an experimental apparatus [2], which solves individual problems, has been
seen in papers on the investigation of vaporization processes.

In this paper, results of the investigation of liquid—vapor equilibrium in systems simulating highly
active nitric acid solutions are cited and a method for calculating the distribution of HNO; in vaporization
processes is proposed, Data concerning equilibrium in some of these systems {3, 4] are obtained at at-
mospheric pressure, whereas one carries out the vaporization of highly active aqueous solutions, as a

.rule, under a vacuum and in evaporating apparatus with a cleaning column intended for the radioactive
decontamination of the secondary vapor. The presence of a cleaning column affects the distribution of-
HNOj between the vat residue and the condensate. Consequently, determination of the distribution of acid
during vaporization and in an evaporating apparatus with a cleaning column is a new problem for which
a method of solution is proposed in the present paper.

Liquid—Vapor Equilibrium in HNO;—H,0— Me (NO;3),, Systems. This equilibrium has been investi-
gated by a circulation method in a modified Otmer apparatus [5]. The data obtained are given in Tables
1-3, where x and ¢ are the concentrations of HNO; (neglecting the salt) and the salt in the liquid phase,
respectively; P is the pressure; y is the concentration of HNO; in the equilibrium vapors, mole %.

Analysis and mathematical processing of the data showed that the liquid—vapor equilibrium in the
systems under consideration is characterized by the following: as a rule, the metallic nitrates salt out
the HNQj; in the vapor phase; the salting-out action of the nitrates, expressed in terms of the separation
coefficient I, is satisfactorily described by the equation {6]

gl = Ae, , 1)
where A and ¢ are constants.

The value of the logarithm of the separation coefficient for systems containing a mixture of nitrates
is approximately additive:

glrm S lglit 2 lg Lt ...+ 1Ly, @

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 416-419, December, 1975, Original article
submitted January 22, 1975.
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TABLE 1., Concentration of HNO; in Equi- where the indexes T refer to a system which includes
librium Vapors (y) in Systems Containing Be, a mixture of nitrates, while 1, 2,..., i refer to systems
Cu, La, and Ni Nitrates 4 containing a single salt with cy=c,+c,+... +¢{.
= | _e.mole % ‘ The dependence of the composition of the vapor
Systems g3 on the pressure (for a constant liquid phase composi-
E|E|%0]60]0801120 tion) is described by the equation
a. t]
3,0 0,17] 0,51| 2,33 9,38} lgy=algP+b, @
g:g ?’g} i'gg 1? gg ézgg where ¢ and b are constants, with an accuracy which
130 (15,01 5,99|13.72/27,21/42 06 is satisfactory for technical purposes.
21,0[14,85(27,11 41,71 — .
HNO3— Hz0- Be(NOs)2 G i il , The ability of nitrates to salt out HNO; allows
3.0 0,33] 0.63] 2,89 9.81 one to distill off the acid, to obtain a minimum concen-
8.0 0.77] 2.49| 7.12\17.47 tration of it in the vat residue and (provided that the
400 12,8 é Z’; 12:2% %:gﬁg'é‘é solubility of the nitrates increases with a decrease in
21,0[15,79{25,89)42,0 | — | the acid content) thereby to ensure in practice a mini-
%,020,95)32,87) — | — mum degree of concentration of the solutions. For
3,0| 0,15] 0,70| 2,14 7,60] this purpose, it is advisable to carry out the vaporiza-
130 12:8 2'38 13:;’3 ;‘g’ggi’é:?gj tion up to a concentration of the salts near saturation
21,0]14,45/26,03(43,32) — | at elevated temperatures (for example, at the boiling
HNO3-Hz0-Cu(NOg)z 27,026,43141,53 — | — temperature), and then to dllute the vat residue with
3,0} 0,28{ 0,96{ 2,38 8,10 water,
9,0 1,49| 4,52/12,28125,30 o o
400 5:8 ig:ggégziggg:gg’*(’_v_&i . Cf:tlculatlon of the .Vaporlzatlon. Pr?cess. A sche-
97.0(26,43(39,44| — | — matic diagram of a continuous vaporization process
is shown in Fig. 1. The raw solution F is vaporized
- _ 8'8 gvgé §’8§ 1gzgg g | in an evaporization apparatus. The vapors pass through
HNOs~Hy0-La(NOg)s | 400 4570l 5’ 28l45 25/32,70] — | a cleaning column sprayed with reflux L and condensed.
24,0121,57/40,83) — | — The reflux passing through the column is returned to
the evaporation apparatus. The final products of the
HNOg- HgO-Ni (NOg)z | 130 12:8 g:g? 1§;2§ N process are the vat residue Q and the condensate D.
24,0123,0 (38,7 [ — : The number of plates and the ratio of the reflux and
g vapor flows in the column are given in terms of the
6,0/ 0,84} 3,500 — | — | - .
400 l15.0] 5.14l16.11| — | — i requirements for the decontamination of the vapors,
2,024 B ; The distribution of HNOg between the vapor yp

and the vat residue x, must satisfy the conditions for
material balance and an equilibrium distribution. Con-
sequently, a calculation of the process reduces to the
simultaneous solution of the equations for material

TABLE 2, Concentration of HNO; in Equi-
librium Vapors (y) in a HNOg=—H,0—Cr(NO,),

Sys.tem balance and an equilibrium distribution.* The equa-
¢, mole % _ tion for an equilibrium distribution is unknown in ana-~
m;‘Hg m;‘fe% i 5o lytic form; therefore, it is necessary to perform the
’ ’ calculation graphically.
6,0 0,38 34 | ‘ Let us consider three basic variants of the pro-
W g ) Aw | B )
6,0 0,79 4,66 . . .
400 15.0 5.85 21.30 1. The special case of the vaporization scheme
2.0 21,13 40,9 ‘ discussed above: an evaporation apparatus without
cleaning columns. Inthis variant the curve for the

equilibrium distribution agrees with the equilibrium
curve which is plotted from the experimental data'on .
liquid—vapor equilibrium since the NTS (number of
theoretical steps) of the vat in the evaporation apparatus
equals one.. ‘ '

2. A salt-free solution, the HNO;—H,O system, is vaporized. Here, the curve for the equilibrium
distribution will be shifted relative to the curve for the equilibrium. The magnitude of this shift is deter-

*The equation (curve) for an equilibrium distribution expreésses the connection between the concentranons
of acid in the distillate and the vat under static conditions for NTS > 1, :
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Fig. 1. Plot of the.curve of an equilibrium distribution for calculating the vaporization
process for a salt~free solution (HNO;—H,0 system). '

Fig. 2. Construction of equilibrium distribution curve for calculating the vaporization
of a salt solution (HNO3—H,0O—nitrate system).

TABLE 3, Concentration of Nitric Acid in mined by the given value of the NTS for the column and

Equilibrium Vapors (y) in Systems Contain~ the ratio of the reflux and vapor flows. In practice, the
ing Fe and Al Nitrates i " respective values for x and yp, which determme the
o mas % " position of the equilibrium distribution curve, are found
oy ,‘f : "' in the following manner. An equilibrium curve 1 for the
Systems £ S| o] 20| a0 sl s binary system HNOs—H,0 is plotted in y—x coordinates
S : (see Fig. 1), A straight line 2 is arbitrarily drawn at an
3.08] 0.06 0.14] 0.49] 1.64 5.01 angle whose tang.ent equals the given ratio ?f t?xe reflux
6.67 0,26 0,64} 1,56 4.42/42,75] ° and vapor flows in the column. Between this line and the
130 §2;33 g:gg %gg 133’;;2;33 2513 equilibrium curve, the given NTS for the cleaning column
22.23/10.70/18.42129.68) — | — | (for example, three) and the vat of the evaporation ap-~
HNOs - Ha0 RN O 013] 0.28| 0.76] 2.31] 573 = : . paratus are constructed beginning at point a, the inter-
6.67| 0.51| 1,05| 2,48) 5,60(13,18 section of 2 with the dlagonal y=x. '
400110.91} 1,66| 3,53 6,10(12.05/22.31
16.001 526 9.3316.17123.58) — The unknown quantities yp, and xq are determined
' by the ordinate of point ¢ and the abscissa of point b,
3,08 0.11| 0,20] 0,61| 2,48 9.47 izi it ilibri
ae7l 0.40| 091| 2:60| 830/24.84 char:.icte-:rlzmg the compos'mons .of the ?qulhbrmm va.por
130[10,91{ 1,13) 3.39| 8.84|23.12] — and liquid phases, respectively, in the first and last (i.e.,
;g'gs 12:‘;’; ;% %g 20_45 e in the vat of the evaporation apparatus) theoretical steps.
HNO3—H0 - AI(NOz)a| Several of these constructions (curves 2' and 2") are
: 3,08 0.49| 0.35/ 0,99( 3,13/10.02 : . e .
te7l 0.66| 1.20| 345 9732557 carried out a.md the equilibrium dlst'rlbutlon curve 3 is
400110,91| 1.67| 440, 9,20(23.70| — constructed in terms of the appropriate values found for
16,0 | 511/11.72/20,81/45.8 | — ot o ot " et '
22,23(13,52/25.0347.1 | — | — XQ: Ypi ¥Q» YD ¥'Q Y'D» €tC.

The reflux is usually small in the cleaning columns
and L/V =0.10-0,15. With this flow ratio and a value of
NTS > 3, the values of x are virtually independent of the number of steps and are determined by the abscissa
of the point of intersection d of line 2 with the equilibrium curve 1, In addition, the calculation of the‘equi-
librium distribution curve is simplified. The appropriate values of XQ and ypp are determined from the re-
lationship

yv—L/Vzg 4)
Yo ==LV
whlch follows from the geometrical constructions (see Fig. 1). In the calculation, xQ is arbitrarily glven
and yy is determined from the equilibrium curve 1 for given values of XQ-

" 3. Asolution containingthe salt-system HNO,—H,0—Me(NOjy)y is vaporized. In this case, the volatile

‘components in the vat of the evaporation apparatus are distributed consistent with the equilibrium curve for

a system containing a salt, The calculation of the values of x, and yy, satisfying the equilibrium distribu-
tion curve is performed in the following manner. Construction of theoretical steps for the cleaning column

. is carried out between the equilibrium curve 1 for a binary system and line 2 in the y —x diagram (Fig. 2)

the same as in the preceding variant. The construction of the theoretical step for the vat of the evaporation
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apparatus is carried out between line 2 and the equilibrium curve 3 for a ternary system. The unknown
quantities XQ and yp, are determined by the abscissa of point b and the ordinate of point a etc., respectively,
as in the second variant.

If the NTS of the cleaning column is greater than three, we obtain an expression similar to Eq. (4),"

__ yv—L{Vzy, 5)
Yo="[—Lw ¢ : , ©)
where xj, is the composition of the reflux leaving the column. In using Eq. (5), the xQ are specified ar-
bitrarily and we determine the yy from the equilibrium curve 3 (see Fig. 2). Then we determine xy, from
the equilibrium curve 1 for the value of yy, found, substitute yy, and xy, into Eq. (5), and obtainy,. The
corresponding values of XQ and ypy are the coordinates of points lying on the equilibrium distribution curve 4.

The material balance equation for all of the variants considered has the form

Zpn—zq _ (6)
n—1,

Yp=
where xy, i8 the concentration of acid in the raw solution and n is the given step. of the vaporization.

The coordinates of the point of intersection of the material balance curve and the equilibrium distribu-
tion curve (see Figs. 1 and 2) characterize the concentration of acid in the vat residue and in the vapors
leaving the cleaning column. ‘

LITERATURE CITED

1. Management of Radioactive Wastes from Fuel Reprocessing, OECD, Paris (1972).

2, D. Clelland, in: Proceedings of the IAEA Symposmm, Treatment and Storage of ngh Level Radio~,
active Wastes, Vienna (1963), p. 63.

3. I. N. Tsiparis, in: Effect of a Salt on the Phase Equlhbrlum between a Liquid and a Vapor [m Rus-
sian], Kaunas (19686).

4, S. Wolf and K. Schier, Chem. Eng. Techn., 19, No. 6, 339 (1967). .

. A, N, Efimov, M, I. Zhikharev, and Yu. P. Zhlrnov Radiokhimiya, 12, No. 5, 766 (1970).

. A, M. Rosen, Dokl, Akad. Nauk SSR, 81, No. 5, 863 (1951).

[+ 3031
.

1077

Declassified and Approved For Release 2013/09/24 - CIA-RDP10-02196R000400060005-0



Dec;lassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0

DETERMINING THE PERCENTAGE COMPOSITION
OF A MIXTURE OF 235U AND 23°Py BY MEANS
OF DELAYED NEUTRONS

. B. P. Maksyutenko, Yu. F. Balakshev, , UDC 539.125.5:539.163.1
V. I. Bulanenko, G. I, Zhdanova,
and A, A, Shimanskii‘

The difference in the relative yields of delayed neutrons by various fissionable materials makes
possible their identification or the determination of their percentage content in a mixture. 2%y and *®Ppu
are the most difficult to distinguish on the basis of this characteristic. It has been shown in {1] that the
distributions of the delayed neutron ylelds for-these two materials as a function of the half-life differ only
in the 8-35 second range, i.e., where the main contributors are 3T and ¥Br. Therefore, the best method
for distinguishing these two fissionable materials in a mixture consists of determining the ratios of the
yield of the second group (a mixture of the yields from ¥ and % Br) to that of the first group ('Br), using
an expansion of the activity decline curve by the method of least squares (m. 1. s.) or dividing the yield of
the second group into the yields from '¥1 and ¥Br and using once more these materials' differing ratios
of the yields from '¥I and 8'Br. In this paper the percentage content of the isotopes *¥U and **Pu in a mix~
ture of them is determined by means of the relative yields of delayed neutrons, taking into account the non-
negligible statistical scatter in the results of the measurements.

We calculate the ratio of the yields of the two groups of delayed neutrons for a mixture of the two
fissionable materials as a function of concentration, if the ratio

Y= Ony6saY 20 -+ Onp0spY gp R L i . . - (1)
Dno05,Y 10 +Prp0Y1p = ) T

is known for each of them, where the indices a and b refer to 2¥U and ?¥Pu, the indices 1 and 2 refer to
the yields of delayed neutrons from the first and second groups, n is the number of atoms of fissionable
material, and of is the fission cross section; Y with indices refers to a specific group and material; Y
without indices refers to a mixture of fissionable materials; & is the neutron flux.

We introduce the following notation to simplify the writing of Eq. (1):
Ne=Na/Ra+np; Ya=Ya/Y1a; Yo=Y a0/1p;
C=Y /Y 1a; C1=05/Gt0-
Then Eq. (1) is rewritten as follows:

Y = YaNa+CCi (1—n4) Yp (2)
N +CCi {(1—1g) ’

Thus, the dependence of the ratio of the yields of the two groups on the concentration is hyperbolic., Equa—
“tion (2) acquires a more compact form after a reduction to asymptotic axes:

_ cc, ! (3
Yﬂa=—(m%l)—g(Yb—Ya)~ 7 (6]

The coordinates of the asymptotic axes (in the old system) are:

Nagy™ CC(CCy—1); } (4)
Yasy: %sy(Yb —Y,/CCy). )

Translated from Atomnaya Energiya, Vol. 39, No, 6, pp. 420-422, December, 1975. Original article
submitted April 9, 1975,
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TABLE 1. Ratio of the Yields of the Groups It is obvious from the equations presented that it
of Delayed Neutrons is necessary to know the ratio of the fission cross séec- -
Expansion | Yield ratio, tions and the ratio of the yields (per fission event) of
Sample | No. of n, by m.Ls. |17 ATp; delayed neutrons from the first group in addition to the
No. series v v ratio of the yields of the two groups of delayedneutrons
v . for the pure fissionable materials in order to calculate
12 8 0 8.51+0.16 | 8.40+0.27 the desired dependence. The value of CC, (it is in the
%6 % 8:2?2 7?38@%8:8&) gj%igﬁg form of a product everywhere) can be determined from
9 2 0.628 | 6.91-0.16 | 5.04+0.16 published data and from our experimental determination
? % (1) -812 gjégﬁj—;g;g‘;ﬁ gg?ig?}k ' of the y (ng4) relation. If the ratios of the yields of de-
layed neutrons from the two groups are found for sev-

‘ ' eral mixtures of these materials (we denote them by
TABLE 2. Ratio of the Yields Reduced to ~ the indices i, k, j) with a known concentration, then one
Asymptotic Axes ' can set up a system of equations for any combination of
(oot , E;*’%"f‘?“ Ehe/l g1rBaItiO. the three mixtures: 7

No. K yr ¥, v v, (Yi— Yasy) (1]"_1185)’): (YVi— ’sy) (1111_7135)1) -
e Ma B =(Y;— Ksy) (M _nasy)- )

19 . 1,04'9 4.700 | 4.888 |9.160 | 9.52 Yasy and 7, ., are immediately determined from this

% }:245‘5? 2:28(7) é:ggg ;;;58 g:gg; array, and the value of CC; in Eq. (4) is found from the

9 1.668 | 3.100 | 5.171 | 5.800 | 9.674 last of them. : -
8 1.852 | 2.642 | 4.893 | 5.109 | 9.462 i ‘ :
7 2.040 | 2.399 | 4.894 | 4.670 | 9.527 Thus another problem can be solved: the ratio of
' * the yields of the first group of delayed neutrons for two
Av 4.961+0.055 AV 9.560-£0.03 fissionable materials has been determined. This meth-
od has a clear advantage over direct measurements,

since in the present case a two-stage calibration of the
flux has not been applied, but the desired quantity has
been determined simultaneously from a few points.

The percentage composition of two mixtures of fissionable materials can be distinguished if the dif-
ference between the values of Y exceeds the sum of the absolute errors, i.e.,

Y, — Yr>AY;+AYs. (6)

Assuming that the relative error 6y at comparable points is the same, we find in the system of coordinates
(asymptotic axes of a hyperbola)

W' <5 (An’ M), )

where An'=n",~7n'i. Thus, a step along the n' axis exceeds the relative error in Y by a factor of two. In
order to distinguish between two mixtures having a concentration differing by 5%, it is necessary to know
the ratio of the yields of the two groups with an accuracy of 2,5%. It also follows from Eq. (7) that as the
concentrations 7'; increase, the requirements for accuracy become more stringent. Therefore, it is nec-
essary to know the relative yield with high accuracy in order to determine a large concentration of *%U,

Experimental Results. Six samples of a mixture ~1 g in mass, each differing from one another by
approximately a 20% content of one of the fissionable materials, were successively irradiated with thermal
neutrons, and then the decline in the activity of the delayed neutrons was recorded. A mixture of powders
of U0, (90% enrichment) and PuO, was placed in a container 30 mm in diameter. Thermal neutrons were
obtained by moderation of the rapid neutrons from the T (p, n)® He reaction in a block of polyethylene sur-
rounding the target and the irradiated sample (after the irradiation it was dropped into a counter unit at a
distance of 2,5 m), The experiments were carried out on the KG-2,5 accelerator at a proton energy of .
1.7 MeV. Several series of the neutron activity decline were recorded for each of the samples after a
five-minute irradiation in order that the integrated count be ~700,000 pulses per series during the record-
ing time (1024 sec.).

It is possible to extract from one and the same set of experimental results the two types of ratios
necessary for an analysis of the percentage composition of the mixture. The first type is the ratio of the
yield of the second group of delayed neutrons to the first group in the case of the traditional six-group
description of the activity decline by the least squares method of analysis. The second type is the ratio
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Fig. 1. Dependence of the yleld ratio
of the groups of delayed neutrons on
the concentration of 23U (@): O) de-
notes the ratio of the yields of the 2/1

groups (m.l.s), and X denotes 131 /87y,

Schematic diagram of the arrangement
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Fig. 2. Dependence of the yield ratio-
of the groups of delayed neutrons on
the 2®U concentration in the system of
asymptotic coordinate axes: ®) 31/
87Br; O) the yield ratio of the 2/1
groups by the m.l.s.

of the yield of delayed neutrons from '*'Ito *Br. The latter
ratio for *®Pu in comparison with 2¥U exceeds by approxi-
mately a factor of two the ratio of the _yleld of the combined
second group to the first, and thus better resolution can be
obtained at the same accuracy, v

It should be stipulated that in the analysis by the method
of least squares the expansion was carried out ini terms of
four exponential functions and not six, since the analysis of
the activity decline began at the 6th second after the cessation
of irradiation, when the contribution of the two short-lived
groups (with periods of ~0.2 and ~0.5 sec) was alréady neg-
ligibly small. The expansion was made at specified half-lives,
and the half-lives for ***Pu [2] were used as the latter. The
followmg half-lives were assigned in determining the yield
ratios of delayed neutrons from '¥1 and ®Br: 55.6, 24.7, 16.3,
6.1, 4,45, 2.5, 2.0, 1.5, 1.0, and 0.5 sec. The errors in the

-expansion by the method of least squares and in separating

the ratios of the yields of delayed neutrons from '¥'I and #¥Br
were determined as the mean squares with respect to the cor-
responding number of series (Tables 1, 2).

The first problem lay in determining the position of the
asymptotlc axes from Eqs. (5) and finding C from Eq. (4) (C is
the ratio of the absolute yields of delayed neutrons per nuclear
fission from 8"Br for the two materials). Three points {the
values of Y at three concentrations) are required to find each
pair of values Nasy and Y,gy- Since there are six of them in
all, one can come up with 28 such combinations, i.e., obtain
20 pairs of values, However, not all of these are of equal

‘value. Sometimes phyéically meaningless results can be ob-

tained (for example. negative values of C). This circumstance -
is associated with the fact that the matrix of such a system is
not well-conditioned. The solutions for the most separated
points — the boundary values (N, =0 and 1) and one adjacent
point — are reliable. The high accuracy is associated with the
fact that the boundary values are obtained as a result of aver-
aging 6-7 series of measurements while all the intermediate
values are based on 1-3 series, i.e., they are statistically
better determined. The results given are calculated from the
values of n and Y for samples 7, 8, 12 and 7, 11, and 12, A
comparison of the derived and published data confirms that
the accuracy achieved in the values of C (12%) is significantly

_ better [2] than that of the direct measurements 42%): C=

0.397 £0.047 (present work); C=0.41+0.17 [2]. The value ob-
tained for C is calculated on the assumption that og By =
577.1+0.9barns and op *?Pu =740 +3.5barns [3].

.The second problem and final goal of this paper is to
find the accuracy attainable in determining the relative con-
centration of a mixture of the two fissionable materials *¥U
and %Py as the most difficult to distinguish on the basis of
the relative yields of delayed neutrons, After the position of
the asymptotic axes is found, the scatter in the values of the
quantity Y'n' =const is the criterion of accuracy. H we con-

- gidet the value of 7 to be exact, then Y'#’ characterizes the
~ slope Y'. The values of 7' and Y' and their products are

given in Tables 1 and 2. The error in the mean value amounts to 1% in the case of the least squares ahal-
ysis; therefore one can guarantee a resolution (i.e., determination of the percentage content of 2%17) no
worse than 5%, and no worse than 3% for analysis according to the new method (Fig. 1a).
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As is evident from Egs. (4), the position of the asymptote Y' does not depend on the type of analysis
of the results, but the position of ' is different for analysis by the m.l.s. than for the determination of the -
delayed neutron yield ratio from '¥'I and ¥Br (Fig. 1b; Fig. 2). Inthe case of analysis by the m.l.s., Yagy ~
+4 and in the second case Yagy~ —1. Ifthe experimental value of AY is identical in both types of analysis,
the relative error is smaller in the second case and the attainable accuracy is higher.

LITERATURE CITED
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DEPOSITED PAPERS

SAMPLES SIMULATING THE TRACE-ELEMENT COMPOSITION
IN ROCK STANDARDS FOR THE NEUTRON-ACTIVATION ANALYSIS:
WITH INSTRUMENT OBSERVATION

D. I. Leipunskaya, V. I. Drynkin, _ '  UDC 550.82:553.411
M. A, Kolomiitsev, B, V. Belen'kii, ’ o
V. Yu. Dundua, and N, V, Pachuliya

Owing to high~resolution vy spectrometry, it is now possible to simultaneously determine the con-
centration of numerous elements (more than 20) in rock samples with the aid of neutron-activation anal-
ysis performed with instruments. In order to guarantee the required accuracy and the correctness of
multielement analyses, an appropriate calibrating system must be selected. Rock standards are usually
employed in analyses of this type. :Rock standards with multielement specifications have been produced in
the USSR: these are ST-1 traprock, albitized SG-1 granite, SGD~1 gabbro—diorite, etc. But these rock
standards are hard to use in mass analyses. Furthermore, when the concentrations of trace elements are
determined, the activation of the macroelements in the base material of the standard has a disturbing in-
fluence. We therefore propose in the present work a method of produeing complex reference samples
imitating the trace element composition of the rock standards. The samples are made from purifiedphe-
nol formaldehyde resin and are solid solutions of compounds of elements whose concentrations are calcu-
lated so that they are as close as possible to the concentration of the corresponding elements in the stan-
dards. The reference samples have the form of tablets with a diameter of 6 mm and a thickness of 2 mm.

Measurements have shown that within the errors of the analys1s the concentration of Ce, Co, Cr,
Cs, Hf, La, Rb, Sc, Sm, Ta, Th, and U is the same as in the ST- 1, SGD-1, ‘and SG-1 rock standards.

_ Thus in order to guarantee correct accurate analyses, the imitating reference samples can be used ™
in the multielement mass analyses of rocks by neutron activation, The shape of the imitating references
does not change; the references have high mechanical strength and are not affected by radiation.

The simple preparation of these imitating samples makes it possible to supply them in the des1red
quantities. .

Translated from Atomnaya Energiya, Vol. 39, No. 6, p. 423, December, 1975. Original article sub-
mitted October 24, 1974.

©1976 Plemun Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval svstem, or transmitted, in anv form or by any means, electronic, mechanical, photocopying, microfilming,
rec_ordmg or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

1082

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0

POLARIZATION DYNAMICS DURING THE MOTION
OF AN ELECTRON. IN A SYNCHROTRON
ALONG A PERTURBED EQUILIBRIUM ORBIT

A. N. Didenko, Z. N. Esina, UDC 539.121.85
and V. M. Kuznetsov

The motion of the spin of an electron in a weakly focusing synchrotron in the presence of magnetic-
field perturbations in an equilibrium orbit is considered. The solution of the equation of motion of the
spin of an electron with an anomalous magnetic moment in an external field is obtained by the Shtokalo .
method in matrix form for resonance and nonresonance conditions. For particles in motion along an equi-
librium orbit, spin resonances € =n (n is an integer 1, 2, 3,...) are possible if there is a harmonic with.
number n in the perturbation spectrum of the radial or longltudmal components of the magnetic field, Ex-
pressions for the resonance widths, defined as the interval over which the projection of the spin vector in
the direction of the driving magnetic field varies from 1 to —1, are given. Conditions for the existence of
a periodic solution for motion far from resonances are obtained. The effect of the perturbation of the
magnetic field at the edges of the quadrants on the motion of the spin vector is considered.

Translated from Atomnaya Energlya Vol. 39, No. 6, p. 423, December, 1975. Original article sub-
mitted March 27, 1975,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microﬁlniing,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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SOME PROBLEMS INVOLVED IN THE PRODUCTION
AND QUENCHING OF URANIUM ~ FLUORINE PLASMA

Yu. N. Tumanov : UDC 621.039.616

An electrical discharge in uranium hexafluoride leads to the breakdown of the U—F bond and the
formation of U—F plasma. In a flowing system we obtain in the discharge zone a mixture of fragments
of UF, molecules, in which intensive recombination reactions take place as the fragments leave the dis-
charge. Under certain conditions the composition of the mixture downstream from the discharge zone
relaxes to what it was initially, but if the mixture is subjected to forced cooling, a heterogeneous system
consisting of lower fluorides of uranium is formed in it. In the present study we consider the production
of U—F plasma and the ratio of rates of recombination and condensation of the UF,; fragments.

At p=1 atm UF, is atomized in the T = 6000°K range (Fig. 1). In order to maintain a self-sustaining
discharge in the UFg at p~ 1 atm, we must have T = 7000-8000°K. ' :
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] L 8 Ufg |
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-
=
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Fig. 1. Composition of U—F plasma at p=1 atm.

Fig. 2. Scheme for obtaining U—F plasma: 1) high-frequency generator; 2} inductor; 3) metal-
dielectric reactor; 4) doser; 5) valves; 6) container; 7) thermostat; 8) quenching device; 9) col-
lecting vessel; 10) filter; 11) condenser; 12) iodine-fluorine converter; 13) thermostat,

TABLE 1. Value of Condensation Time of UF, Nucleation Centers (r;) and Gaseous-Phase
Recombmatlon Time of UFy (t,) at p=1 atm

. Residual press. of UFy, atm )
T. K 3.32-10-2 3.33-10—¢ 3.33-10-6

1, I L ’ To ‘ T, T, o
300 4.56-10°8 6.66-10-6 1.37-10-8 2.41.10-5 2.28.10°7 4,2-10°5
500 2.84.10-8 9.96-10-6 8.54-1078 3,63-10-% 1.42.107 6,33.10-5
800 3.87.10-8 1.47-10-58 1.16-10-7 5.37-10-3 1.93.10-7 | 9,35.10-5
1000 2.56-10-8 1.7-40°5 7.68-10-7 6.2.10-% 1.28.10°7 1,08.10-4
1300 7.54.1078 2.13.10-5 2.26.10-¢ 7,79.10-5 3.77-10-7 1,36.10-4
1500 3.21-10-2 2.39-10-5 9.64.102 8.73-10°5 1.61-10-t 1,52-10~4

Translated from Atomnaya Energlya ‘Vol. 39 No 6, pp 424-425 December 1975, Orlgmal artlcle
submitted April 2, 1975, ‘ .
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In order to obtain a U—F plasma, we may use radio-frequency or microwave discharges in uranium
hexafluoride. One of the schemes for obtaining the U—F plasma is shown in Fig. 2. The discharge is ini-
tially excited in argon, after which the argon is replaced with uranium hexafluoride. The stability of the
discharge is determined by the pressure of the gas and the frequency of the generator. At frequencies of
approximately 10, 17, and 2450 MHz, respectively, the electrodeless discharge in the UF, glows steadily
at pressures of = 10-15, ~30, and ~ 1 atm.

At the exit ‘from the discharge the U—TF plasma is cooled, the nonvolatile fluorides are collected
in a collecting vessel, and the fluorine is trapped in an iodine —fluorine converter.’ ' :

For UF, the condensation time is shorter by two or thi‘ee orders of magnitude than the time of gas-
eous-phase recombination up-to temperatures of ~1300°K (Table 1).

Estimates indicate that in order to quench the UF, from the U—F plasma it is sufficient to have a
cooling rate of 1.3° 108 °K/sec, and for quenching the uranium it is sufficient to have ~ 10'° °K/sec.

The rate of heterophase recombination is slower by seven or eight orders of magnitude than the rate
of homophase recombination, so that it is possible to separate the condensed and gaseous phases even by
mechanical methods. Existing methods of quenching make it possible to separate the UF, and the F from
the U—F plasma, but the rates of cooling necessary for quenching the uranium (~ 10'% °K/sec) are not yet
technically feasible. ‘ ‘
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BOOK REVIEWS

B. S. Petukhov, L. G. Genin,
and S. A, Kovalev
HEAT EXCHANGE 'IN NUCLEAR REACTORS"_=

Reviewed by 1. S.. Kochenov

The development of nuclear energy has been the subject of great attention in recent years in both
the Soviet Union and abroad. Problems of heat technology oceupy a central position. For it is the extrac-
tion of heat from the core of the reactor that essentially determines the maximal power, the reliability,
and other important characteristics of nuclear reactors. However, there have been few books that deal
with the heat technology of nuclear reactors. The publication of this book is therefore important and tlmely.
It has immediately attracted the attention of large circles of high-temperature physicists.

) The book is divided into fourteen chapters, and at the end of each of these there is a bibliography.
The questions considered in the book are very extensive. Here are some of them: distribution of heat
release in the core of the reactor, equation of heat conduction and calculation of temperature fields, equa~
tions of convective heat exchange, heat exchange and hydraulic resistance in the case of laminar flow in
ducts, fundamentals of the semiempirical theory of turbulence, heat exchange and hydraulic resistance in
the case of turbulent flow in ducts, including cases of the initial section, ducts of noncircular cross section,
variable properties of the fluid, the presence of internal heat sources in the heat carrier, heat exchange
in finned gas~cooled systems, in deposits and a pseudoliquefied layer, heat exchange in the case of boiling
(including conditions of occurrence of a heat transfer crisis) in a large volume, tubes and pencils of rods,
elements of the hydrodynamics of two~phase flow, including critical flow,

The book is based on material from investigations of the authors and the results of many other authors.

" Parts of the extensive material are presented less well than others. These include the first chapter,
with a brief description of nuclear reactors, the density distribution. of the neutron flux, and the elements
of the thermal and hydraulic design of cores.

Interesting conclusions are drawn inthe eighth chapter that for drop liquids the heat transfer coef-
ficient (the number Nu) increases with increasing density of the heat flux, whereas the coefficient of hy-
draulic resistance decreases, and interesting conclusions are also drawn about the contradiction between
the results of theoretical and experimental investigations into the influence of the "temperature factor"
on the coefficients of heat transfer and hydraulic resistance in the case of cooling of gases.

Some of the conclusions of the authors are questionable, for example (§4.3 and §8.4), the incorrect-
ness of using prevmusly unknown quantities to construct dimensionless numbers (variables). Nor is it
clear why in the case of heat exchange with gases in tubes the Nu number can depend on the length (through
the "temperatire factor") up to 100 x/d and the coefficient of friction up to 80x/d (§8.4) if the stabilization
section does not exceed 30x/d.

A shortcoming of the book is the fact that some of the compilative material is presented without
sufficient analysis andcriticism, and sometimes with excessive generality. One can also make a number
of other particular comments, but they do not detract from the positive opinion about the book as a whole,

The book is intended for students at universities as a textbook, though it will also be valuable for
many research students, engineers, and scientific assistants working in'the field of atomic energy.

*Atorh'izdat, Mescow (1974),.

Translated from Atomnaya Energiya, Vol. 39, No. 6, p. 425, December, 1975.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
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K. N. Mukhin
EXPERIMENTAL NUCLEAR PHYSICS, VOL. II.
PHYSICS OF ELEMENTARY PARTICLE..S*

Reviewed by V. G. Vaks and L. A. Mikaélyan

This book occupies a particular position among Soviet textbooks on nuclear physics.

The first editions were published in 1962-1963 when a particular need was felt for a textbook on the
physics of the atomic nucleus. The book was widely used, both at universities and physics institutes in
the country.

The third edition, which is reviewed here, has been published in two volumes. T

The second volume is devoted to the physics of elementary particles and their interactions. It con-
sists of two main parts. In the first, nucleon—nucleon interactions at different energies and the properties
of nuclear forces are considered. The theory of the deuteron is given and pp, nn, and np scattering is ana-
lyzed in the light of the conjecture of isotopic invariance; scattering theory is considered as well as ex~
periments on nucleon—nucleon scattering at high energies (with the elements of phase~shift analysis); Feyn-~
man diagrams are discussed and the mathematical apparatus of isospin; elementary meson theory is con-
sidered. Inthe second part, the properties of all the known elementary particles and resonances and also
the properties of antiparticles and antinuclei are described. As in the first volume, the treatment is based
on the conservation laws, to which are added the laws of conservation of the lepton charge, strangeness,
and combined parity. Great attention is devoted to the fine details of interactions: strong (isospin and
strangeness systematization, unitary symmetry), electromagnetic (radiative corrections to the magnetic
moments of electrons and muons, nucleon form factors, and mesoatoms) and weak (violation of the laws
of conservation of spatial and combined parity, conjecture of universal weak interaction, the two forms
of the neutrino, double B decay).

The book is written in a good physical language, covers all the basic questions of the physics of the
nucleus and particles, is theoretical to an extent, and completely modern. The results of some investiga-
tions of the author are reflected in the book.

The book is dedicated to the memory of Igor Vasil'evich Kurchatov, whose name is inseparably linked
to the establishment and development of Soviet nuclear physics. Kurchatov values popularization of science
highly.

Finally, we should like to say a few words about the work of the publishing house Atomizdat. The
book is printed on beautiful paper, contains a large number of original and well drawn figures, has attrac-
tive binding, and is richly endowed with ancillary and reference material (tables of particles and elements
on the fly leaves, subject index, column headings, appendices, brief conclusions at the ends of chapters,
etc). All this makes the book very attractive as a textbook. o

The first editions of the book enjoyed great popularity among readers and were well reviewed. There
is no doubt that the third edition will be read with interest and approval.

* Atomizdat, Moscow (1974).
$The first volume was reviewed in At, Energ., 39, No. 5 (1975).

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 425-426, December, 1975.
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LETTERS TO THE EDITOR

EXPERIMENTAL INVESTIGATION OF OPTIMUM PROCESSES
FOR THE CONTROL OF A NUCLEAR REACTOR
BY THE NEUTRON FLUX

G. N. Aleksakov, V., P, Alferov, ' UDC 621.0389.562
and V. I. Belousov

The application of optimum control theory in the planning of a system of control by the neutron flux
in a nuclear reactor permits the limiting possibilities of the reactor itself to be recognized as a control
object and the technical requirements on equipment, which will ensure a sufficiently good approximation
of the actual system to the optimum system,tobe formulated. Theoretical analysis shows that the period
of the reactor canbe controlled almost mstantaneously by the introduction of excess reactivity at a finite rate
[1]. The times during which the period is reached, corresponding to a chosen rate of injection of reactivity,
to an order of magnitude is close to T=1/B, where I is the lifetime of the prompt neutrons and 8 is the rela-
tive fraction of delayed neutrons. The time of establishment of the reactor period, for various types of
reactors amounts to 0.15 sec for 7=10"%sec and to 1.5 10 %sec for I =107%sec. These possibilities for
controlling the period of the reactor simultaneously with increase of the static and _dynamic accuracy of
the control system, permit the system to be simplified due to the use of a logical law of control, which can
be written in the following way:

Upn Sign [23 (1) — 23] for 1 (t) < &0—8 and
[E) (t)""lzf | >
— Uy, sign [z, (t)-—xu] for zy(t) > 240+ and
. | 2o (t)—xul/
ulzy (&), 22 O]= . for z; (1) <zy—eandlze () —zy, |<e
for
0 2z {t)y>=zyp1e&and|xy (t)—=zy, {<e,
for '

1)

|24 (8)—x40 | < 6 and
¢ <z () <79y +E,

where u[xl(t), X,(t)] is the control (voltage on the servomotor) as a function of the running values of the
phase coordinates x,() and X,(t); x,(t) =n() is the running value of the neutron flux density; x, is the de-
sired (specified) value of the neutron flux density; 20 is the permissible error on the neutron flux density;

_ 1 dn(t)
z (f) = n(t) ar

ified) relative rate of rise of power; z,, is the desired (specified) relative rate of reduction of power and
2¢ is the permissible error on the relative rate.

is the relative rate of change of the neutron flux (inverse period); z,, is the desired (spec-

For the experimental verification of the possibility of improving the control and safety equipment
on the basis of optimum control theory, a display unit has been operated in the Moscow Institute of Physics
Research for the state and optimum control of the power of the BIR-1 nuclear reactor. The specific prop~
erties of the instrument, in comparison with the conventional two-channel system of control of the power

and the period, consists in the amalgamation of these channels into one instrument, forming the logical law
of control (1), in the development of a meter both for positive and negative periods, in the significant in-
crease of the speed of response of both the period meter by a factor 10) and the-scram-~rod actuator (factor

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 427-430,'Decé}11bér, 1975. Original article
submitted December 17, 1974; revision submitted March 25, 1975,
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TABLE 1. Comparable Characteristics of the Automatic Control System Based on BIR-1 and BAR-2M

Technical Characteristics BAR-2M BIR-1
No. and type of ionization chambers | Two KNK-56 chambers Single KNK-56 chamber
Range of measured powerlevels, A | 1071-107¢ 107%-2-107*
Chamber current, corresponding to | Absent 10710
the setting "inaccuracy of loga- '
rithmic amplifier," A*
Range of power control levels, % 0.4-200 : 0.01-100
Chamber currents, A 0.8°107%-4-107* 2-107%-2-1074
Accuracy of control Not specified in description Less than 0.5% S
Constant of differentiation of pe~ 6 0.6 :
riod meter '
Range of measured perlods sec +10-~+150 =10~ - +10
Meas. accuracy, % +£20 +5
Range of period settings with po- Stepwise setting (30; 60) Smooth setting (15-60)
sitive (increase of power) and B _
negative (decrease of power) | Absent 15-80
Accuracy of control of period " Not specified in description Not worse than.10%
Indication of state of reactor Built-in separate pointer-type Built-in state indicator on
' S instruments " CRT and external pointer-
) _ o type instruments
Operating devices . | ‘Power amplifier or amplidyne RD-09 motor
and motor , -
Corrections of functional part of Tachometric bridge Absent
system )
Instrument power supply | 220V +10% 50 Hz 220V +10% 50 Hz
Required power, VA 100 | 35
Power required by auxiliary am- 200~500 ' 1 o0
plifiers, VA
Total power of automatic control 300-600 ’ 35
channel power supply (without
chamber), VA ,
Dimensions of facility, mm 400 x 240 x 250 plus dimensions 250 x 120 x 200
of auxiliary power amplifier.
or amplidyne

*With a chamber current of 107" A the time constant of the input circuit of the triode logarithmic am-
plifier is 2-10 sec, and with a current of 10~ 11 A it is equal to 20-100 sec; therefore, the delay of signal
of the power and per1od logarithm is unacceptably large.

e ; t
S ___'._____._Sl”_“ih_ti’___H' Remote i
2 ; manual cycle | {control 1
. i | tabs (keys)j |
Cy - 2 . [ e |
Ionization 3
chamber To automatic
: ' control system
_l N e Wil ]
5 a b
! I
- | J
| ok - .
Lo T :
1! P o ¢
i c.r.t : [ [
a a t
1 i
l i
| I
! s | | - To outlyin
b e s e e T mstru);negnts

Fig. 1. Block diagram of the BIR-1 instrument.
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'3~5), in the production of more flexible possibilities
for specifying the law of control and for extending the
ranges of control over the power and the period. The
new unit of the instrument is an indicator of the state
of a nuclear reactor [2], which will allow not only in-
formation on the running values of the two variables
on the screen of a single indicator to be displayed, but
403 also by means of this same indicator will allow the

' operation of the entire control system to be controlled.

1000

The block diagram of the BIR-1 is shown in Fig. 1.

The current from an ionization chamber is fed to
the input of the logarithmic amplifier 1. Its output
voltage, proportional to the logarithm of the ionization
chamber current, is compared with the reference volt-
age of the master power logarithm 2 in the comparator
unit 3. The definition on the period is formed in the

Position of auto- { Inverse period,
matic control sec-1

o~
B2 b period assignment unit 4 as a function of the sign and
g s magnitude of the imbalance voltage. - The period is
T measured by means of a differentiating amplifier with
0 60 160 240 J20 360 feedback 5, to the input of which is fed the signal from
Time, sec the output of the logarithmic amplifier 1, The voltage
"Fig. 2. Transient processes in an optimum corresponding to the measured period is compared
control system by the neutron flux [a) at zero with the reference voltage of the period controller 4
power; b) at working power levels]. in the comparator unit 6, from the output ‘of which the

imbalance signal is fed to the control relay unit by the
motor 7 of the automatic control servodrive. This

same voltage is fed to the input of the screening unit 8
[ a) period control circuit; b) trigger; c) servicability

200 : control circuit]. Signals proportional to the logarithm
70 . of the chamber current and to the measured inverse
' ‘ period are fed to the reactor state indicator 9 [a) am~
m ’ plifier]. In the instrument there is a comparator unit
qo13 : .- . . .
95 | 005 ‘ 10 to wh.lch are connected the outlying power andperiod
u’;‘;;g Mamaal - control instruments. The design of the instrument
Eo= °°"“f‘1 ’c‘%%‘%}’:ﬂ provides for its installation on the control desk instead
‘6'3 of the power control.
QB t
§§§m Comversion The principal technical characteristics of an
E%‘%g  ratio 80% automatic control system based on the BIR-1 instru-
b i — zim : 3'20 : w0 ment and their comparison with the characteristics
Time, sec of a similar system based on the series-produced
Fig. 8. Controlled power reduction processes . BAR-2M instrument are shown in Table 1.

-of the IRT-2000 reactor. The BIR-1 was tested and operated during one

year as a part of the control and safety rods of the
IRT~2000 reactor of the Moscow Institute of Physics
Research. The following experimental investigations
were carried out by the means of this instrument:

1. Direct measurements of the rate of injection of excess reactlv1ty [1], necessary for the almost
instantaneous achievement of a specified period T (control constralnt uy)

f_—" _ 4 dolla:/sec : . @

and for stabilization at a specified level of the flux ‘having varied for a fairly long time before this with a
perlod T (control constraint w)

M (B |
u, = 2 1_?_}";, ), dollar/sec | (&)
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750

Deviations of the expenmental data from the calculated
data over the range of periods 15-60 sec did not exceed the
values corresponding to the BIR~1 instrument errors.

~ Power, W

2. Good application in the BIR-1 instrument of the law
of control (1) allowed transient programs of reactivity changes
to be produced experimentally and recorded in the system
with feedback, ensuring almost instantaneous achievement
and stabilization of a specified period T, and also almost

i

iod

Inverse
perio
ec™
{
D
=R
F

“5%2‘ instantaneous stabilization of the neutron flux at a specified
§§§ ; level. The results of a theoretical calculation of these pro-
859 grams, are given in a number of papers (see, for example,

= L RN Y W N S B [3, 4]; relations (6) and (8) of [1], etc.). Experimental graphs
0 40 160 240 320 400 .

Time, sec are shown in Fig. 2, where the curves a correspond to a low

Fig. 4. Emergence of the IRT-2000 re- power (P=0.1-10 kW and there is no temperature feedback)
actor from the subcritical state with a and curves b correspond to high power (P =20~2000 kW, and
specified period. the temperature feedback appears quite noticably).

3. Controlled power reduction processes with a given
period and subsequent flux stabilization at an attained level

were investigated experlmentally These experiments not only give a direct practical result from thepoint
of view of designing safety systems for nuclear power installations, but also are of definite theoretical
interest. Control processes of point reactors in the presence of a very high "external"neutron source are’
simulated in them. These conditions correspond, on the one hand to the control of a deeply subcritical re-
actor and, on the other hand, to the local control of a zone of a large reactor [5]. In Fig. 3, graph a shows
the possibilities for power reduction by means of only a single automatic control rod; graph b corresponds
to a single rod with a weight equal to the weight of a manual control rod, and with a rate of reactivity in-
jection necessary for optimum control of an increase of power with a period of 15 sec. In drawing this
rraph, the operator controlled the manual control rod, having withdrawn the automatic ‘control rod to the
middle of the operating range.

4. Theoretical analysis of the controlled power reduction allowed the assumption that during reactor
startup, the achievement and stabilization of a specified period is possible in the subcritical state, with
further stabilization of this period on reaching and exceeding the critical state. The oscillograms shown
in Fig. 4 were recorded during startup of the IRT reactor from the subcritical state with a given period.
The point of the graph marked by the arrow corresponds to the critical state. :

5. It has been shown experimentally that a 20-fold reduction of the motor power in the automatic
control device did not reduce the quality of control, due to the decrease of the speed of travel of the auto-
matic control rods, increased the accuracy of the period and power control because of the increase of the
speed of response of the servodrive and its control circuit, simplified the system and facilitated the oper-
ating cycle of the units, which enabled the reliability of the system as a whole to be increased, with simul-
taneous reduction of cost and power requirements. -

In conclusion, the following inferences can be drawn:

1. The theoretically shown possibilities of reactor control, based on optimum control theory, corre-
spond to actual physical processes in the reactor itself and therefore could be set as the basis for design-
ing control and safety rods.

2. The technical requirements on the components of the control and safety rods, and the system as
a whole stipulated by analySLS of the system with the attitude of optimum control theory, are effected by
quite simple technical means and the peI'lOdlC processes in the system approximate to optimum in speed
of response. :

3. The conventional separation of systems into automatic and manual (or semi-automatic) compensa-
tion channels limit the possibilities of automatic control by the neutron flux, These possibilities might be
accomplished more completely with a system, identical with the rod, the weight of which corresponds to
the weight of a manual control rod, and the velocity is defined by the minimum operating period.

The authors express their sincere appreciation to the control and safety rod servicing personnel of
the IRT~-2000 reactor of the Moscow Institute of Physics Research and A, P. Krykov, without whose enthu-
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siasm and active participation in the preparations and carrying out of the experiments, the work could not
have been undertaken.
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RADIATION HARDENING OF GRAPHITE
PARTS WITH STRESS RAISERS

Yu. S. Virgiltev, V. G. Makarchenko, UDC 621.039:532.21
V. N. Barabanov, and A. N. Sazhin*

Stress raisers of various types cause nonuniformities in the stress field, and this in the final analy-
sis, reduces the reliability of parts. :

Along with stress raisers which are due to design (abrupt changes in the cross sections of parts,
holes, recesses, slots, etc.), there are always stress raisers of technological origin in synthetic graphite,
such as scratches, micropores, cavities, and cracks, which are harmful, since they intensify brittleness.

It is known that neutron irradiation intensifies the brittleness of structural graphite. The effect of
hyperbolic recesses and through holes in parts and in specimens of high-density VPP graphite on their
strength in uniaxial extension and compression was investigated earlier [1]. It has been shown that the
strength variation in laboratory specimens and full-scale parts is influenced only by those artificial stress
raisers which produce stresses higher than those caused by the structural nonuniformities characteristic
for a certain type of graphite. Therefore, specimens with holes 1 and 2 mm in diameter, i.e., holes com~

mensurable with the size of coke grains in the inves-
TABLE 1. Dependence of the Ultimate tigated materidl, have virtually the same ultimate
Bending Strength on the Rounding-Off strength in uniaxial tensile and compressive tests,

di h f h
Radius at the Bottom of the Note We estimated the effect of stress raisers in

R, mm o, kg/c}nz bending tests. We first estimated the effect of the
: notch radius on the strength of fine-grained MG-1
- , SRR graphite (Tabl(-_‘: 1).
f:? 120 The obtained data indicate that reduction in the
0,8 100 rounding-off radius intensifies the weakening, which
8:(2)5 ' gg reaches a virtual limit for rounding-off radii smaller
than 0.2 mm.

*Wit]
_ Without notch. The effect of the notch depth was investigated

on prismatic specimens of three types of material:
fine~grained MG-1 and MPG and high-density, medium-
grained VPP graphite (Table 2). The dimensions of

TABLE 2. Dependence of the Ultimate:
Strength on the Notch Depth

MG-1 vEP MPG the specimens were 20 X 10 X 100 mm. The data indi-
S| Kg/em? St | okglem® | Gon kg/cm? cate that the ultimate bending strength decreases with
an increase in the notch depth, especially for the high-
Qs+ 4+ 170 0 290/335% 0 354 strength, fine-grained MPG material. The maximum
% 183 % %ggﬁgg 2’35 gz : weakening occurs for ratios of the notch depth to the
6 93 8 | 2007205 10,3 | 109 specimen thickness in the range from 0.1 to 0.4. With
1? 132 ‘ ig 3;35323 14,6 124 a further increase in this ratio, the ultimate strength
I 14 | 276/234 calculated by means of the commonly used equations
*Rounding-off radius at notchbottom, 0,1 mm. increases. The latter can be explained by a consider-
FRounding~off radius, 1 mm. able shift of the specimens’'s neutral axis into the ex~
1 Data from two series of tests for specimens tension zone,
cut from two billets. -
**Without notch, *In collaboration with A, I. Plavskii.

Translated from Atomnaya Energiya, No. 6, pp. 430-432, December, 1975. Original article sub-
mitted January 15, 1975, : . .
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TABLE 3. Radiation Hardening of MPG-6 Graphite Specimens with and without Stress-

Raisers
Integral o,kg/cm? Aag/o
flux, L1, eg °com'2 8%com - AR/E 6/9con
neutrons/ | kg/em Scom A B A B
cm? i
0 20 900445 0 0 485440 16020 3,05 0 0
3.1018 70 1640470 0,82 0,30 800+35 33010 2,40 0,65 1,05
4,8-1018 70 1680490 0,87 0,39 850180 36015 2,35 0,75 1,25
2,4-1020 70 23004290 1,55 1,48 900-£40 380410 2,35 0,85 1,36
3,0-1020 70 22104190 1,45 1,51 7304100 | 38515 1,90 0,50 1,40
3,7.1020 70 2460300 1,70 1,59 730-:90 39530 1,85 0,50 1,45
6,5-1018 70 | 1580460 0,75 0,25 - 760240 320430 2,40 0,60 1,00
8,4-1018 110 14303-120 0,59 0,19 76070 | 31515 2,40 0,60 0,97
1,0-1018 130 1340430 0,49 0,27 75055 29015 2,80 0,54 0,81
1,2-1019 140 129050 0,43 0,25 715450 26025 2,45 0,47 0,62

Remark: A) without stress raisers; B) with stress raisers.

Taking into account the above results, we chose specimens of high~strength, fine-grained, equal-
density MPG-6 graphite. The rounding-off radius at the bottom of the notch R was equal to 0.1 mm, while
the ratio of the notch depth to the thickness of the specimen (C) was equal to 0.2, which ensured the max-
imum weakening effect.

In order to secure a sufficient number of parallel measurements and also because of the limited size
of the irradiation device, the tests were performed on 5 X 5 X 40 mm prismatic specimens. The specimens
were cut from the same billet and were selected with respect to specific weight; they had the same degree
of crystal structure perfection, which was estimated by measuring the electric resistance. The strength
was estimated first by using the nondestructive test method and determining the dynamic elasticity modulus
with respect to bending vibrations [2]. Calibrated notches with a depth of 1 mm and a rounding-off radius
of 0.1 mm at the bottom were made in the specimens by means of a special machine.

Equal numbers (4-13) of specimens with and without notches were irradiated at a temperature of
70-140°C until a integral flux from 3-10™ to 3.7 - 10%° neutrons/cm? was reached. The integral flux was
determined with respect to the operating time of the reactor by taking into account the power level and the
known fast neutron flux (E > 0.18 MeV) in the channel in question, while the temperature was measured by
means of diamond indicators. For control, the elasticity modulus of irradiated specimens was measured
again before performing the bending tests.

The uniformity of the tested specimens can be characterized by the arithmetic-mean errors in mea-
‘suring the electric resistance (+8%) and the elasticity modulus (+14%). The arithmetic-mean error in
determining the ultimate bending strength of the control specimens was equal to 13%.

The bending tests were performed in a laboratory device with a maximum load of 30 kg and a load
recording accuracy not worse than 0.1 kg, The span between the supports was equal to 30 mm. Unirra-
diated control specimens were tested simultaneously with the irradiated specimens. The ultimate bending
strength for prismatic specimens was calculated by means of the expression o=3pl/2bh? where b is the
width of the specimen (cm), h is the height of the specimen, equal to 0.5 and 0.4 cm for specimens with
and without stress raisers, respectively, p is the breaking stress (kg/cm?), and [ is the distance between
supports, which is equal to 3 cm. '

The prisins broken in tests were used to prepare 5 x5 X 6 mm specimens for determining the ulti-
mate compressive strength in an MR-0.5 machine. Verification showed that the breaking of specimens in
previous bending tests did not affect the results obtained in compressive tests.

The averaged results obtained in determining the ultimate bending strength of specimens with and
without notches depend on the cumulative dose at 70°C and on the temperature for a constant integral flux
of (0.65-1.2) - 10" neutrons/cm?; the variation of the ultimate compressive strength is also given for com-
parison,

It is known that the strength of irradiated graphite increases rapidly with the dose until "saturation"
sets in. The level reached decreases exponentially with an increase in the irradiation temperature [3].
Our data indicate that irradiation at 70°C with a neutron flux of up to 3.7 - 10%° neutrons/cm? does not pro-
duce stable values of the ultimate compressive strength and the elasticity modulus. The ultimate bending
strength, however, reached its maximum value of 900 +40 kg/em? with an integral flux as low as ~2.4 - 10%
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neutrons/cm?. This quantity even had a tendency to decrease with additional irradiation. The préesence of
stress raisers produced a more significant strengthening of graphite. For this reason, the ratio of the ul-
timate bending strength values for specimens without notches and notched specimens decreased with con-
tinued irradiation from 3.0 @nirradiated specimens) to 1.85 (after.absorption of a dose of 3.7- 102 neutrons/
cm?). This ratio did not change with an increase in the irradiation temperature from 70 to 140°C in the ab-
sorbed dose range (0.65-1.2) * 10'® neutrons/cm?. Consequently, for the irradiation levels reached, thepres-
ence of various defects, such as cracks, pores, etc., does not impair the stability of structural graphite as

a result of irradiation, . N

In the weaker, médium—grained GMZ materials, the weakening effect of stress raisers should mani-
fost itself to a lesser extent than in the tested high-strength, fine-grained MPG-6 graphite.
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DETECTION OF WATER LEAKAGE INTO SODIUM
" WITH RESPECT TO ACOUSTIC NOISE

F. A. Kozlov, G. P. Sergeev, ' UDC 621.039.564
and V. 8. Yugai ’

The noise produced by water leakage into sodium has been studied in order to explore the potenti-
alities of the acoustic method as a means of detecting leakages in sodium—water steam generators. The
interest in these investigations is stimulated by the search for efficient methods more than the presently
used methods for detecting small leakages in steam generators. '

The basic disadvantage of the existing leakage detection methods is the relatively long signal delay
for steam generators with a large volume and large sodium discharge. Moreover, with the coolant purifi-
cation systems now in operation, these methods do not permit, even in an unlimited length of time, detect-
ing leakages of a magnitude smaller than a certain given
value, which is determined by the parameters of the device
(the volume and discharge of sodium and the purification
rate) as well as the characteristics of the detection instru-
ments [1]. Any leakage in a steam generator is considered
as potentially hazardous, and, therefore, information on its
development must be obtained as quickly as possible.

With modern technology acoustic noise in liquid metals
can be detected almost instantaneously. However, the practical

AN g
i Y realization of this in an industrial device, in the case of
weld i ; [ . small leakages in the steam generator, is complicated by
o "’”Z / oo many serious difficulties (the high level of background noise
A 0 4
%

- T - in the device, the complexity of choice of the best methods
A i and locations for mounting the acoustic receivers, etc.).
The success in using the acoustic method for detecting
water leakages into sodium depends on the signal-to-noise
ratio for small leakages that can be secured for an actual

system,

NN

N
; Wm\\\\\\\\\\

-

Determination of the optimum acoustic system for
leakage detection is at present complicated by a lack of
understanding of the processes whereby sound is generated
when water enters sodium. We can cite the following factors
which apparently affect the characteristic acoustic spec~

. - trum pertaining to the reaction between sodium and water:
Fig. 1. Mounting unit for the waveguide generation, vibration, and disappearancé of vapor and hy-

a

of sound receiver (a) and design of sound drogen bubbles; the dynamics of sodium and of the jet issu-
receiver ). 1) Waveguide; 2) piezoelec- - ing from the leakage location; the geometry of the reaction
tric transducer; 3) insulating bushings; zone; formation of standing waves between the location of
4) spring; 5) centering tube; 6) nut; 7) " water leakage into sodium, the neighboring pipes, and the
and 8) tightening bushings and washer;- - reaction vessel; the resonance characteristics of the vessel
9) cooled fitting; 10) reducing pipe; 11) and the acoustic transducer; the mounting location of the
tank lid. ' transducer, etc,

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 432-434, December, 1975, Original article‘
submitted November 27, 1974. o , ' : :
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Fig. 3. Recording of the signal from the

acoustic transducer after analysis by the
*85-2 instrument,

In order to obtain undistorted information on acous-
tic noise in as wide a frequency range as possible, it is
desirable to have the sound receiver directly within the
zone of the supposed noise source. For a steam genera-
tor, the noise source caused by water leakage into sodium
must be inside the steam generator, i.e., in moving sodi-
um, which is at a high temperature (300-500°C). Develop-
ment of an acoustic receiver sufficiently sensitive in a
wide frequency band and capable of operating for a long
time under these conditions constitutes a.complex prob-
lem. Therefore, although development of sound receivers
for operation in liquid metals at high temperatures is in
progress (papers have been published on acoustic re-
ceivers operating at temperatures of up to 900°C), acous-
tic receivers with metal rods (waveguides) are widely
used for acoustic signal reception from high-temperature
regions [2]. In such waveguides, the acoustic vibration
converter (usually a piezoelectric transducer) is fastened
at the low-temperature end of the waveguide (250°C or
less), while the other end of the waveguide is placed in
the zone of the sound source.

The obvious advantages of acoustic receiver sys-
tems with waveguides are the possibility of using low-
temperature piezoelectric ceramics, which are manu-
factured industrially in a large number of varieties, and
the convenience in calibration. However, such systems
have considerable disadvantages: loss of sound energy
in the passage of signals through the waveguide, signal
distortion due to reflections and resonances, etc. In
order to determine the potentialities of acoustic noise
monitoring as a possible method for detecting sodium—
water leakages in steam generators, it is first necessary
to investigate noise in experimental devices in the pres-
ence and in the absence of water leakage into sodium.
This makes it possible to determine the spectral char-
acteristics of the noise generated by water leakage into
sodium as functions of the leakage parameters (outflow
velocity, defect dimensions, sodium discharge and flow
geometry, etc.,) and estiimate the possible effect of scale
and structural factors of the devices on the above param-
eters. It is very important to obtain information on noise
characteristics in industrial devices.

Acoustic data units with transducers consisting of
TsTS-19 piezoelectric ceramic and stainless-steel wave-
guides were used in our acoustic noise experiments on

experimental sodium stands in the presence and in the absence of water leakage into sodium. The sound
receiver design is shown in Fig. 1. The waveguide of sound receiver (@) is introduced into sodium through
the cavity of the experimental section; the sodium discharge was equal to ~2 m3/h. The water inlet de-
vice is located at the entrance of sodium into the section. The waveguide of another sound receiver (b) is
fitted into a pipe section of the main circuit at a distance of ~100 mm from this device. The height and
the diameter of the piezoelectric transducer based on TsTS-19 are equal to 5 and 9 mm, respectively. The
diameter and the length of the Kh18N10T steel waveguides are equal to 10 and 500 mm, respectively. The
measuring equlpment consists of an S4-12 spectrum analyzer, an S5-2 harmonic analyzer, a UIS-2M am-

plifier, and-an EPP-09 self-recorder.

Figure 2 shows the amplitude ~frequency characteristics of noise obtained on the experimental stand

with and without water leakage into sodium.

In these experiments, the water discharge through the inlet

unit of the section with a gas cavity varied from 2.8-10 g/h. The largest signal amplitudes are observed
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in the frequency range 1-4 kHz, while the maximum corresponds to approximately 3 kHz. There was prac-
tically no signal at frequencies above 20 kHz. Some dependence of the noise amplitude on the leakage in-
tensity (water discharge) is observed in Fig. 2 at frequencies from 1 to 4 kHz. For a water discharge of
~100 g/h, along with considerable signal amplitudes in the frequency range 1-4 kHz, intensive noise was
recorded in the frequency range 30-32 kHz. '

The data in Fig. 2 were obtained while using sound receiver a (Fig. 1), located at a distance of ~2m
from the leakage site. The signal spectrum was recorded by means of an S4-12 spectrum analyzer with-
out preamplification. Figure 3 shows a typical recording of the signal from an acoustic data unit with a
waveguide, mounted on the basic circuit of the stand, after analysis by means of the S5-2 instrument in -

the frequency range 60-200 kHz with a 3-kHz passband. The time intervals marked by the figures 1-8
correspond to analysis at frequencies of 180, 160, 140, 120, 100, 80, 60, and 200 kHz. It is evident from
the figure that the frequency dependence of the signal amplitude is weak in the investigated range. In the
absence of leakage, the signal practically vanishes, With the acoustic data unit mounted on the main pipe,
it was also possible to record water leakages into sodium< 1 g/h, for Wthh the upper limit of the signal
frequency range was equal to approx1mate1y 80 kHz. '

Consequently, small water leakages into sodium can be detected almost instantaneously by means
of the acoustic method. The noise spectrum recorded as a result of water leakage into sodium is a broad-
band spectrum, which depends on the location where the sound receiver is mounted. The highest noise
" intensity is observed in the frequency range 1-4 kHz with a maximum at approximately 3 kHz.

The intensity of noise generated by water flow into sodium is considerable in comparison with the
background in the ultrasonic frequency range. Noise monitoring in this range for purposes of leakage
detection is probably the most promising possibility, since the background noise of devices in this frequency
range is usually lower than in the low-frequency range.
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MEASUREMENT OF ABSOLUTE POWER

OF A NUCLEAR REACTOR

V. V, Dmitrienko, A, I. Efanov,

UDC 621.039.564.2

V. 1. Zakharov, A. I. Karyakin,

and L. V. Konstantinov

Statistical methods of determining the absolute power of a nuclear reactor have a number of advan-
tages over "classical” methods and are more and more widely used [1]. One such method — the frequency .

a
S

22

Fig. 1. a) Block diagram; b) simplified
functional diagram of absolute power
meter. a: 1) Ionization chamber; 2)
power supply; 3) absolute power meter;
4) digital voltmeter; 5) EPP-09M. b:

6) Filter.1; 7) null element 1'; 8) nuil
element 1"; 9) coincidence circuit; 10)
power meter 1; 11) supplementary signal
generator 1; 12) operational amplifier; 13)
input; 14) supplementary signal generator
2; 15) null element 2"; 16) null element 2';
17) filter 2; 18) coincidence circuit; 19) .
power meter 2; 20) substracting system;
21) output system; 22) to EPP-09M.

method [2] — permits prompt measurements. Inthis meth-
od an ionization chamber is placed in the reactor and the
spectral noise density of the chamber current is measured
at two frequencies, From these measurements the absolute
power of the subcritical or critical reactor is found from
the expression
2 v (v—1) 12
N= O+Be? w  S—Sm’ @

whe re p is the reactivity of the reactor, Borr=(1— Keff)/

Keff is the effective fraction of delayed neutrons, V¢t is
the number of secondary neutrons per fission, I is the
steady component of the chamber current, and Sy, and Sy
are the spectral noise densities of the chamber current
at low and high frequencies, respectively. It is assumed
that the frequency characteristic of the chamber is flat
for the’ frequenc1es measured.

We describe a device for automatically determining
the difference in spectral noise densities of the ionization
chamber current and present results of the measurements.

A block diagram of the apparatus and a simplified
functional diagram of the absolute power meter are shown
in Fig. 1.

The determination of the spectral density is based
on the well-known principle of narrow-band filtering [3],

_ according to which it is sufficient to measure the output

signal from a filter with a known passband. The ratio of
the filter output power to its passband width is proportional
to the spectral density at the central frequency of the filter.
The device contains two similar power measuring channels,
The central frequency of the low-frequency (channel I)
filter is 5.75 Hz and that of the high~frequency (channel II)
filter is 420 Hz. The amplification factors of these filters
are chosen so that their unequal passband widths do not
affect the final result. A direct power measurement is
made in each of the channels in digital form and based on
the method of the sign quantization of the sum of the input

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 434-436, December, 1975. Original article

submltted March 10, 1975.
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TABLE 1. Measured Values of Absolute and supplementary signals of special form [3]. This con-
Reactor Power stderably simplifies the construction of an instrument of
sufficient accuracy for a wide variation of output signal.
Chamber fg;ﬁgﬂzﬁrgi'm’ Rower meas. by . The substracting system is a reversible counter, and a
current, pA | w w } coincidence circuit serves as a squarer. The active filters
' used in the device have incomparably better characteristics
1,98 2 1,85+0,13 " at low frequencies than passive filters. The output system
5}‘1 g‘f’ﬁ | g}gigi averages the signal and transforms it to a form suitable
93,2 183’3 igégfz . 1 for delivery to an EPP-09M recording potentiometer, If
9.2 378 395427 the reading of this instrument is A, the absolute reactor
Zgg ggg g[igigg power is given by the expression
Ne-K ‘ﬁ )

where U is the oufput signal voltage of the operational amplifief

S T (et B S
(otRg® v Ko
where K is a calibration factor,

The device is calibrated with a specially developed 1-1000 Hz white noise generator havmg an out-
put signal with a known spectral density. The device is constructed in a portable bench form. The range
of the input signal is 1.2 mV to 1.8 V. with respect to the alternating component.

The relative error 0 in measuring the difference of the spectral densities resultmg from the sta-
tistical nature of the input signal is given by the expression

oSl 1 3).
SL—SH VBT

where B is the energy passband width of the low frequency filter and T is the integration time.

To ensure a relative error of the measurment of no more than 5% the integration time is chosen
equal to 133 sec in accord with Eq. (3). The theoretical error of the measurement of the absolute power
calculated from the relation

, _ =V %8 + 624 + 62K 4)
is 6.5%. Negleeting the fall off of the frequency characteristic of the KNK-56 chamber for a supply voltage

of 500 V at a frequency of 420 Hz [4] for S1,= 10 Sy» a condition which is satisfied in the experlment de~
scribed, leads to an additional error of ~0.4-0.5%. "

The absolute power meter was tested on the TRT-1000 reactor, KNK-56 and KNK-53M ionization
chambers were placed in an experimental channel on the reactor behind the reflector and connected to the
instrument by 25 m of Mark RK-50 cable. The measurements were performed with the detector at vari-
ous distances from the core. The maximum distance from the center of the chamber to the center of the
core was 255 cm. Results were obtained for various positions of the chamber and therefore the steady
current and the power are not proportional (Table 1). '

Experiments showed that prompt measurements of the absolute power of a nuclear reactor can be
made with this device with a relative error of no more than 7%.
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SEMICONDUCTOR DETECTORS FOR X-RAY
RADIATION USED IN WELL INVESTIGATIONS

.S. A. Baldin, S. F. Gubin, UDC 539.1.074.55
B. G. Egiazarov, and M. D, Kholomov

In the last few years the methods and instruments of nuclear physics have been increasingly used in
various stages of the prospecting, winning, and processing of minerals. The speedy implementation of
these techniques is caused by the better technological and economical parameters which these techniques -
have in comparison with conventional techniques
used in investigations made in boreholes and
blastholes underground or on the surface, and
in the assaying of ore masses in tubs, on con-
veyor bands, etc.

Operational assay work in boreholes and
blastholes is the most important, but routine
work of this kind is laborious (hundreds of thou-
sands of boreholes and blastholes per year). The
rigorous specific production-dependent condi-
tions for measurements in boreholes impose
the greatest difficulties upon the development
of the corresponding instruments and methods,
This also applies to the instruments which are
used for investigations made in wells with the

~aid of characteristic x~ray radiation.

Characteristic x-ray radiation which is
excited in the walls of boreholes is now recorded
either with proportional counters or with scin-
tillation detectors [1, 2]. Proportional counters
are designed for the analysis of elements having
low or medium atomic number; scintillation
detectors are usually employed for the deter-
mination of elements having medium or high
atomic number. The insufficient energy resolu-
tion of detectors, particularly of scintillation
detectors, and the intense scattering of the pri-
mary radiation do not allow analyses with the
required sensitivity and selectivity. The num-
ber of elements which can be analyzed and
which differ only by 3 or 4 from Z is at most
two or three. The sensitivity threshold amounts
at best to a few hundredths of a percent. How-
ever, the development of composite deposits
requires logging for a larger number of ele-
ments, commonly arranged side by side in the

Fig., 1. Scheme of the borehole probe with semicon-
ductor detectors for x-ray radiation: 1) outer hous-
ing; 2) beryllium foil; 3) semiconductor detector; 4)
sources of primary radiation; 5) zeolite; 6) dewar
vessel with liquid nitrogen; 7) vacuum vessel; 8) tube
for filling the dewar with liquid nitrogen; 9) external
cable; 10) vacuum valve; 11) device for pressing the
probe to the borehole wall; 12) heatsink with the
cooled first stage; 13) internal cable; 14) pream-
plifier.

Translated from Atomhaya Energiya, Vol. 39, No. 6, pp. 436-438, December, 1975. Original article
submitted March 17,.1975, .. .
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.\

Fig. 2. Borehole equipment with semicon-
ductor detector, "Feb-1" panel, and AT-256-5
analyzer.

\,
T

N B ey oy

No. (- 10) of pulses in channel

K4

~

_ N : i 1 1 1 : H 1
25 30 ¥ 40 45 S0 .55 60 & W%
Energy (keV)

Fig. 3. Amplitude spectrum measured at a
depth of 14 m with a ®'Co source in the ener-
gy range 25-75 keV.

[

periodic chart, and the marginal content for many ele-
ments is considerably lower.

The presently available laboratory spectrometers
with semiconductor detectors for x-ray radiation are
characterized by excellent performance parameters and
allow the rapid, simultaneous multielement analyses of
samples with a sensitivity threshold of the order of 10~ %;
most of the elements from carbon up to higher elements
can be analyzed [3]. However, the transition from ana-
lytic measurements with semiconductor detectors in the
laboratory to measurements under field conditions, in
boreholes, and in geophysical team work requires special
apparatus which is hermetically sealed, has an indepen-
dent power supply and low power consumption, and can
be used under severe mechanical and climatic conditions.
Yet the instruments must not lower the excellent char-
acteristics of semiconductor detectors for measurements,

Equipment of this type (the "Feb~1" instrument)
was developed in the last few years specifically for use
under difficult conditions encountered by geological
prospecting parties in-exploration work in which labo-
ratory-type equipment or instruments with semiconductor
detectors hardly function. The circuits of the "Feb-1"
instrument shape a "pseudo-Gaussian" pulse with a peak
duration of 2-16 usec and comprise a stage restoring the
constant component so that operation at input pulse rates
of up to 2°10* pulses/sec is possible without substantial
deterioration of the resolution. A threshold amplifier
provides for fourfold broadening of the energy scale.
The energy resolution at 5,9 keV is better than 400 eV
in the selected detectors. The instrument is hermetically
sealed and sustains mechanical load applications in ac-
cordance with the III group specification for instruments
(GOST 9763-67); the instrument needs less than 10 W
from a +12-V source. The set of sensors with silicon
or germanium semiconductor detectors is designated
for the analyses of either specimens or ore bodies in
their natural bedding.

The development of this instrument was the pre-~
requisite for the solution of problems encountered in
borehole investigations in which semiconductor detectors
for x-ray radiation are employed. A borehole instru-
ment with a DGRZ~1 germanium semiconductor detector
was designed and produced for this purpose. The sensi~
tive area of the detector is 150 mm? at a thickness of
3 mm. The total energy resolution of the instrument
equipped with this semiconductor detector was 700, 1000,
and 1300 eV at the energies 5.9, 60, and 122 keV, re-
spectively, at a pulse shaping time of 4 usec. The sensi-
tivity threshold of the analysis of powder samples having
elements with medium Z amounted to (2-4)-10~% at
measurement times of 1-2 min. The detector can be
stored at room temperature.

Figure 1 schematically shows the instrument. A hermetically sealed vessel which consists of atube
and upper and lower lids and which can be evacuated through a valve contains a stainless-steel container
for liquid nitrogen which through a little tube connects with the atmosphere. The liquid nitrogen volume is
1 liter. A heatsink which is joined with the bottom of the vessel carries the semiconductor detector (its

1102

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060005-0

Relative ﬁg?gfg;fr?tion setisitive surface is parallel to the axis of the probe) and
sb CSI‘B” elements of*l" all electronic components of the first preamplifier stage.
The first preamplifier stage is connected to the rest of
the preamplifier circuitry by a connector. The pream-
plifier, in turn, is connected with internal and external
cables to the main panel in the working area of the vehicle
used for the logging work, The length of the external
cable (25 m) can be increased to several hundred meters
if necessary. The wall of the sealed cylinder has a re-
cess opposite to the sensitive surface of the semicon-
ductor detector; the bottom of the recess is covered with
a 200-u~thick beryllium foil.” Openings for two radio-

1 active sources dre provided in the walls of the recess.

' After their assembly and after evacuation, all the com- -
ponents are ina steel tube with a diameter of 100 mm
and a length of 1800 mm. Vacuum is maintained with
the aid of a cryostatic absorption pump. The probe is
pressed to the borehole walls with the aid of a steel cable
which is led to the surface. One liquid nitrogen filling
lasts for 12-14 h of operation. The borehole probe was
tested in 1974 in dry boreholes of one of the Central
Asian ore sites. When analyses were made in the vari-
our ranges, y-radiation sources made of 57Co or #1Am
were used; the sources had an activity which produced a
pulse rate of (6-8)° 10° pulses/ sec in the electronic cir-
cuits.

Depth (m) of borehole

18— — —
Fig. 4. Distribution of Sb, Cs +Ba, the total
of rare~earth elements, and Os +Ir ovér the
borehole profile.

Figure 2 is a view of the equipment developed.

The energy scale of the analyzer was calibrated before and after the measurements. The amplitude
spectra were pointwise recorded in 1-m intervals to a depth of 18 m (Fig. 3). Though not all the peaks of
total absorption can be reliably identified, the spectrum indicates the presence of elements such as anti-
mony (26 keV), barium, and possibly, cesium (31-32 keV), several rare-earth elements (at 44 and 50 keV), -
elements of the iridium—osmium group (62-65 keV), and lead (75 keV) at the corresponding depths in the
borehole.

The evaluation of the results has led to the relative concentrations of certain elements at various

- depths, as indicated in Fig. 4. A first utilization of the borehole equipment with semiconductor detectors
for x-ray radiation has proved definite advantages over logging with other types of detectors, particularly
when investigations of complex ore bodies with a complicated composition are made.
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CONFERENCES AND CONGRESSES

MEETING ON THE DESIGN OF LARGE
THERMONUCLEAR TOKAMAKS '

E. I. Kuznetsov

The successful growth of studies in controlled thermonuclear fusion indicates that in the next few
years machines will be built which will substantially approach demonstration thermonuclear reactiors, i.e.,
systems in which controlled thermonuclear reactions will take place with fusion of deuterium and tritium
and the release of energy comparable to the energy delivered to the plasma from outside. Of the various
experimental thermonuclear machines the one most studied at present is a quasistationary closed sys-
tem — the Tokamak. A few years ago stable confinement of a hot plasma in a closed magnetic trap was
first attained in Tokamaks. At that time work was being done on these systems only in the USSR; however,
now about 20 Tokamaks are working in different countries and more than ten are in the design and construc-
tion stage.

The IAEA, with the cooperation of the State Committee on Atomic Energy of the USSR, has organized
a discussion on the four designs for demonstration thermonuclear reactors of Tokamaktype: the European
(European Economic Community countries), American, Soviet, and Japanese, More than 100 specialists
from Belgium, Great Britain, Italy, the Netherlands, the USSR, the USA, France, the Federal Republic of
Germany, Sweden, and Japan took part in this international meeting (Dubna, June 4-11, 1975), where, along
with detailed consideration of the construction of the different systems of these machines, there were dis-
cussions on the design of future thermonuclear power stations, and the problems and prospects for thermo-
nuclear power.

The sizes of the proposed machines, JET (Ef:C), TFTR (USA), DTRT (USSR), and JT-60 (Japan), are
determined by the physical and engineering problems which it is proposed to solve with these machines on
the way to building thermonuclear power reactors in the future. The most compact in size (major and minor
radii- of the plasma 2.48 and 0.85 m, respectively) is the American machine. The European and Japanese
machines will have about the same dimensions (major radius of the plasma about 3 m, minor radius 1.25
and 1 m, respectively). The major and minor radii of the plasma in the Soviet machine are 5 and 2 m, re~
spectively. The discharge current in the various machines is 1-6 MA and the longitudinal magnetic field
is 3.5-5.2 T. One of the basic characteristics of thermonuclear machines with magnetic containment of the
plasma is the product of the plasma density and the confinement time, nT. This quantity, together with the
ion temperature, determines the range of plasma parameters required to ensure positive energy yield from
a thermonuclear reactor. For the different machines nr lies between 103 and 10! em-® sec, while the
average ion temperature lies between 5 and 15 keV.

The differences in the technical and design solutions and in the choice of plasma parameters are
determined by the set of problems which are expected to be solved on each machine. The authors of the
JT~60 design have set themselves the most immediate, mainly physical, problems which must be solved
to build a thermonuclear reactor. As opposed to the other three machines, here there is no plan to work
with tritium. The task of the American design for a test thermonuclear reactor is to achieve high thermo-
nuclear temperatures and to study the so-called two component Tokamak regime, where the fusion reaction
takes place between nuclei of the main initially produced plasma and fast particles 1nJected into the plasma
from without (in this case a value of nt of order 1012 em~3 sec is sufficient).

The joint EuropeanTokamak project is the most complete of the remaining efforts and the task for
this machine is to obtain and study a plasma with parameters which ensure a self sustaining thermonuclear
reaction (mr 10 cm~?® sec). An extensive program of physical and engineering studies is planned for the
Soviet demonstration Tokamak. This machine is intended both for producing the plasma parameters needed

Translated from Atomnaya Energiya, Vol. 39, No, 6, pp. 439-440, December, 1975,
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. 1 : .
for a self sustaining thermonuclear reaction and for long operation with a deuterium—tritium plasma.
Plans include neutron physics studies, studies of sputtering of the discharge chamber walls by alpha par-
ticles, and determination of the tritium breeding coefficients for various blanket modules (breeding zones).

It should be noted that the plasma parameters of DTRT are practically the same as those for a hy-
brid power reactor, i.e., a thermonuclear reactor with a blanket containing depleted or natural uranium
for energy production from fissionable materials as well,

Sifice Ohmic heating of plasma cannot produce thermonuclear temperatures, additional heatiriér meth-
ods are planned for all these machines. The discussions were mostly centered on the neutral beam in-
jection problem adiabatic compression, and RF hedting of the plasma, as well as heating by plasma in-
stabilities (i.e.; the question of whether supplementary heating techniques lead to deterioration of the con-
finement conditions). Large scale experiments are required to make a final choice of plasma heating
methods.

The problem of building vacuum chambers and choosing wall materials for the experimental ma-
chines and future thermonuclear reactors must be solved taking into account such factors as embrittle-
ment due to neutron irradiation and sputtering due to charged particles from the plasma. Also important
is the prevention of localized energy deposition in various parts of the chamber. We note that solution of
many of these problems requires research analogous to that carried out for building fast breeder reactors,
in connection with which an idea was proposed for a thermonuclear reactor as a source of 14~MeV neutrons
especially intended for materials study and solution of engineering and technological problems.

In particular, the problems of radiation protection in experiments with D—T plasmas and of systems
for recovering and preventing leakage of tritium during regular operation and emergencies were discussed.
The design solutions chosen must ensure normal operating conditibns for the experimenters andtechnicians.

Construction on all four machines will begin in the éarly 1980's and, if positive results are obtained,
a decision will have to be made as regards building test thermonuclear power reactors. During the meet-
ing conceptual designs for pure (with tritium breeding) and hybrid thermonuclear Tokamak reactors devel-
oped in the USSR, the USA, and Japan were discussed. It was noted that in the first stage of development
of thermonuclear reactors, hybrid reactors may seem more economically advantageous than pure fusion
reactors. The size and electrical power of such thermonuclear Tokamak reactors do not differ greatly.
The major radius is taken to be 10-15 m, and the minor, from 3 to 5 m. The electrical power in most
designs is taken to be 2000-2500 MW. The discussions showed that technical and engineering studies are
needed already to ensure the development of economically advantageous commercial thermonuclear power
stations that have a minimal effect on the environment. Those groups having experience in the design of

nuclear power stations with thermal and fast reactors must certainly be drawn into this work.

The meeting showed that international collaboration in discussions on the design of large thermo-
nuclear Tokamaks is very useful and can make 4 number of improvements for future study and use in these
designs.
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SEMINAR "THE FUTURE OF FISSION AND FUSION BREEDERS"

G. A. Eliseev énd A. S. Kochenov

The Seminar took place in the beginning of 1975 at the I. V. Kurchatov Institute of Atomic Energy.
The Seminar has been organized jointly by the State Committee on Science and Technology of the USSR .
and the International Institute of System Analysis IISA (Austria, Luxemburg), Besides Soviet scientists,
the  Seminar was attended by Prof. W. Hefele (IISA), Prof. G. L. Kulcinski (University of Wisconsin), Prof, .
J. P, Holdren (University of California), and Dr. H. Kessler (Carlsruhe Nuclear Research Center, FRG).

Inaugurating the Seminar, Academician M. A. Styrikovich welcomed the initiative of the International
Institute of System Analysis and pointed out the importance of system analysis research in the analysis of
the global energy problem and in particular in the comparison of the prospects of fission and fusionbreeders
for future power engineering. W, Hefele reported on a tentative comparative evaluation of breeders of both
types carried out in cooperation with C, Starr [1]. The analysis was based on the following propositions:

1) the natural reserves of chemical fuels will be essentially exhaustedin the next 40-50 years; 2) the time
needed to master new energy sources isonthe order of 25-30years so that the fundamentals of power engineer-
ing of the 21st century must be laid now; 3) the use of either fission or fusion breeders can offer practically
unlimited energy resources. '

W. Hefele noted that the report [1] provoked lively interest and much sound criticism especially
among specialists in thermonuclear fusion. The IISA is now preparing a new report in which the above
criticism and recently obtained information are taken into account. '

In the course of a discussion of the problem as a whole, the participants of the Seminar came to a
unanimous conclusion that most difficulties encountered on the way to either atomic or thermonuclear
power are due to specific demands imposed on structural materials, to the necessity of ensuring reliable
protection from ejection of radioactive materials in normal reactor operation and in eme rgency situations,
and finally, to the problem of disposal of radioactive wastes. The availability of raw fuel and the high
share of fuel in the final cost of the produced energy evidently present no problem. The participants came y
to the conclusion that a comprehensive comparative analysis of fission and fusion breeders is impossible
for the time being as the two systems are on different levels of historical development. The task of sys-
tem analysis should thus be not the choice of some particular direction in the development of global power
engineering, but a thorough investigation of all unsolved problems in all directions and the suggestion of
optimum ways for their solution. This should cover the entire cycle from the production of raw materials
and the availability of fuel and construction materials to the distribution of energy and the processing and
disposal of wastes.

System analysis of the future prospects of atomic and thermonuclear energy should take into account
geographical characteristics of the various regions of the world. For example, small countries may find
the use of large power plants unacceptable. States that have no facilities for burial of large amounts of
radioactive wastes will obviously prefer "pure" systems. Inlarge countries, such as the United States
or the Soviet Union, the choice of a particular type of power plant may depend on the specific location of
the power system. Even preliminaryconsiderations indicate that such problems as fuel doubling time and
the provision of construction materials are to different degrees critical for the two types of breeders.

The problem of construction materials has been nearly solved for fission breeders. Fast breeder reactors
are already operating in several countries. It must however be noted that the fuel doubling time of these
reactors is considerably longer than the time which will be probably needed for the expansion of atomic
power in the next century (=5 years) [2]. Reduction of fuel doubling time requires the reactors to operate
at much higher energy-intensity conditions andthus uses better heat-resistant materials and nuclear fuel

of higher density (as compared with UO,).

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 440-441, December, 1975.
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The fuel doubling time is not a limiting factor for thermonuclear breeders. On the other hand; the
problem of strictural materials, in particular for the first wall," is now very acute. Niobium, which in
several preliminary designs was considered as the basic construction material, proved to be disappointing
from the point of view of activation.

The probability of ejection of radioactivé materials in fission breeders is mainly determined by emer-
gency situations not only in the reactor proper but also in fuel processing plants. Obviously, this probability
can be reduced to a reasonable minimum at the cost of additional capital investments. The same is also
true of the problem of radioactive wastes burial.

The total radioactivity of thermonuclear breeders, and thus also the probablllty of radioactive pollu-
tion of the environment, can be significantly reduced by using construction materials based on weakly ac-
tivating elements (vanadium, aluminum, etc.). One must however consider the practical feasibility of pro-
ducing on the basis of these elements materials possessing the necessary mechanical strength and radlatlon
resistance (as well as their availability).

The participants of the Seminar agreed that both plutonium fission breeders and thermonuclear
breeders based on D—T fusion reactions with tritium regeneration would provide mankind with an almost
unlimited source of energy. For future global power it is important that at least one of the indicated al-
ternatives becomes practically realizable. The principle of diversity must be followed in this case of safe-
guard against erroneous decisions. The problem of providing extensive fuel regeneration is so important
that the necessity of further progress in both directions arouses no doubt.
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RADIATION EFFECTS OF NUCLEAR PLANT
DISCHARGES INTO WATER

Yu. V, Sivintsev

The Symposium of the International Atomic Energy Agency (IAEA) on Radiation Effects of Nuclear
Power Plant Discharges into Water was held on June 30-July 4 in Otaniemi near Helsinki. The Symposium
was attended by 143 specialists from 28 countries and three international organizations — the IAEA, the
European Economic Community (EEC), and the Euratom. The symposium heard and debated 33 reports:
eight from the United States, four each from the Soviet Union and Japan, three each from Great Britain
and France, two from the International Laboratory of Sea Water Radioactivity Studies (Monaco), and one
each from Austria, the GDR, Netherlands, Egypt, Israel, India, Italy, Finland, and the FRG. '

The reports treated various aspects of the problem which plays an important role in modernnuclear
power engineering and radioecology. Discussed in detail were the behavior of stable and radioactive iso-
topes of various elements in the water environment, the critical paths of radionuclides into physical, chem-
ical, and biological systems, methods of radiation monitoring and evaluating the effects of radiation ex-
posure on humans and hydrobionta, the radiological capacity of water reservoirs, and the behavior of plu-
tonium and other transuranium elements in water. The special interest in the last problem is due to the
absence of stable isotopes of transuranium elements in the environment which can lead to a particularly
high concentration of such isotopes in certain chains of ecosystems and the creation of radiation hazards
for man and other living organisms. A recent (February 1974) report of the US Environmental Protection
Agency evaluated the consequences of the discharge of such radionuclides from atomic plants in the USA.
Assuming that the fraction of plutonium escaping into the environment is P=10"", the relative contribution
of transuranium elements in the natural background is small, but becomes dominant if P=107%,

The reports presented at the Symposium described the results of simulation experiments and of the
studies of actual water ecosystems.

Experimental laboratory studies of plutonium kinetics in hydrobionta have been carried out at the
International Laboratory in Monaco. An important advantage was the use of 2¥"Pu whose y spectrum can
be easily recorded (five lines near 100 keV). The measurement of 2Py in shrimp organisms proved that
the concentration factor (CF) is (0.9-4.1) - 103, and that 30-60% of the accumulated plutonium is discarded
into water in molting. This indicates that this process can be an important source of this element in the
enviromment. An analysis of the curves showing the secretion of radionuclides of sea organisms shows
that the effective half-lives of Pu(VI), mercury, and cadmium are the same (to within the experimental
error). These data show that at least in hydrobionta plutonium behaves as other heavy metals (S. Fowler).

Experimental investigations of sorption—desorption of Pu(Ill), (IV) and (VI) and Am(III) by sediments
in a laboratory model of a river estuary revealed the drastic effect of plutonium valency and the pH and
salinity of the medium. In sea water, plutonium and americium quickly turn into a colloidal form probably
as a result of combination with sodium carbonate. Discussing the results of these investigations, H. Hammet |
(France) stressed the importance of Pu(VII) studies as this form will be a dominant component in liquid !
wastes in case of emergency discharges from radiochemical plants (’1“1/2 of the transition to Pu(VI) is
several weeks).

Radioecological research at the Flat Rock Nuclear Center (USA) provided extensive data on the behavior of
plutonium in a chain of settling ponds. Since 1953 this Center worked on nuclear fuel, processing 2400 kg
of 2¥Pu on the average annually. A two-stage liquid radioactive waste processing system, with decontam-
ination factors of 10-100 and 10%, respectively, ensures high recovery of **Pu from water, The average
concentration of 2*Pu in discharge waters in 1974 was 1,8 pCi/liter. For 22 years of the plant operation,

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 441-443, December, 1975.
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the discharge waters added 75 mCi of *®Pu, It has been estimated that an additional 135 mCi has been ac-
cumulated on the plant territory. An analysis of the **Pu content in the various links of the ecosystem in-~
dicates that the concentration factor is 10%-10° for primary phytoplankton, 10 for edible algae, and 10° for
zooplankton. The accumulation of **Pu is much lower at higher trophic levels: the CF in freshwater fish
of the carp family is 0.9-8, and in vascular plants even as low as 107'-10"%, Assuming conservatively that
2¥py concentration due to this plant is 0,01 pCi/liter of drinking water, and that 10,000 people consumed
such water for 20 years, M. Thompson arrived at the conclusion that such plutonium levels present no
danger for either man or other biosystems.

The Division of Radiological and Ecological Research of the Argonne National Laboratory (USA) pre-
sented the materials of natural investigations of the behavior of plutonium and other long-lived radionuclides
in Lake Michigan which provide data on biological transport, seasonal variations, and the staying time of
289,240py  241Am, and '¥'Cs in the lake, and on the rate of inflow of these radionuclides in the sediments. In-
spite of the fact that no less than eight nuclear reactors are operating on the shores of Lake Michigan, the
total intensity of long-lived radionuclides discharged into the water is much lower than that coming from
global fallout. The results of investigations indicate that at present *3*%%Pu and 31cs are mostly in an
ionized form and that their effective half-life in Lake Michigan is 3-4 years (100 years for ?’Sr). This in-
dicates a practically equilibrium state in the given ecosystem and a significant biogeochemical similarity
of plutonium and cesium properties. The activity of radionuclides in lake water is 5-4% of the total inflow
of 2®Ppu and 3-2.5% of '¥Cs. It is interesting to note the agreement of these data for 2°Pu in lake (M. Wal-
gren and J. H. Marshall) and sea (J. H. Hetherington et al) water.

Food-chain investigations revealed that 2%:2'py and '¥'Cs strongly concentrate in phytoplankton (aver-
age CF 5.7-10% and 3.7 - 10°%, respectively) and that the concentration of **Sr is considerably lower (CF=40).
In edible fish the CF is 4~20 for 2%,20py, 160-420 for ¥'Cs, and 15-67 for ¥sr,

The ratio of the concentration in higher trophic levels to the concentration in phytoplankton is ~ 3 for 137Cs,
~ 0.3 for ¥%Sr, and ~ 10”2 for 23%:240py, This indicates thatthere is a marked inverse dependence between the con-
centration of 23%2"py in the studied hydrobionta and their trophic level, It has been found that the numerical
value of CF is strongly related to Q-sol content in plankton samples (expressed in percent of raw weight)
and in the range from 10%-10? can be expressed as CF=200 Q! for 0.6 =Q =15%.

Out of global fallout, 97% of the fotal #3%24%py activity and 95% of total *'Cs activity has been received
by the sediment. A study of the distribution revealed a pronounced peak of activity of the above nuclides at
a depth of 2-6 cm (at different plants). From this it was possible to estimate the sediment deposition rate.
This has been found as 0,015-0,5 cm/year (4.8-96.3 mg/cm? year). The deposition rate and the concentra-
tion of ?¥Pu and '¥'Cs in bottom sediments are in good correlation with each other.

Workers of the Radiobiological Laboratory of Ministry of Agriculture, Food, and Fisheries of Great
Britain have studied the behavior of plutonium in the Irish Sea in comparison with other long-lived radio-
nuclides discharged from the Windscale Radiochemical Plant. It has been found that the rate of plutonium
discharge into the Trish Sea is 40-150 Ci/month (~ 1000 times the global fallout), more than 90% of it settling
near the discharge point. The total plutonium activity in the Irish Sea waters is of the order 50-60 Ci (nearly
4% of the cumulative discharge of the previous years), and its content in "critical path" foods does not ex-
ceed 2% of the permissible effective level.

The behavior of 2*Pu and of long-lived fragments of %‘Ce, '¥Cs, and '"®Ru in sea water and sediment
is distinguished by considerable similarity of these radionuclides with respect to their concentration con~--
tours in filtered sea water, to the practically constant ratio of their relative activities, and to variation with
depth in sediments (up to 24-28 cm), The concentration of 2¥py in sediments is very high and in a region
up to 110 cm from the discharge point the CF ranges from (22-7)* 10 to. (2-0.1) - 10*. The concentration in
hydrobionta is at least one order of magnitude less: 3- 10° in algae, 2°10°% in the soft parts of mollusks,
and 30 in fresh fish,

J. Miettinen etal. (Finland) discussed the results of the determination of 23°pu +%4py content in water
samples, sediment, mollusks, algae, and fish at one of the seashore stations on the Gulf of Finland. Gamma
spectrometry measurements proved that fish has 0.04-0.14, mollusks 0.6, algae 5, and sediments up to 0.18
pCi/kg of raw weight, These values are basically the same as the results of biosample measurements in
the Great Lakes of the USA published by V. E. Noshkin in a series of reports of the USA Atornic Energy
Commission and in a well-known paper [Health Physics, 22, 537 (1972)]. The sole exception is plutonium
content in algae (one order of magnitude higher than in Lake Michigan). This can be explained by the low
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exchange rate of the Baltic Sea waters. According to A, G. Trusov et al, (USSR) the same conclusion can

_be drawn from the analysis of *'Sr concentration in the Gulf of Finland waters: if the specific activity of
%05r.in the oceans is taken as 1.00, the activity in the Mediterranean Sea is 1.5, in the North Sea 3.2, and
in the Black Sea 4.0, and in the Baltic Sea. 6.

The concluding report has been prepared by a large number of American specialists and in fact at~
tempted to justify the admissibility of deep~sea burial of long-lived radioactive wastes. Its main conclu-
sions met with critical remarks on the part of delegates of India, the USSR, Japan, and other countries.

In the final analysis, the results of the IAEA Symposium can be summed up as follows,

1. None of the 33 presented reports cited examples of any radiation damage to ecosystem elements
in view of the existing discharges from nuclear plants into water. This once more confirms the fact that
nuclear power (as compared with other kinds of human activity) presents little danger both for mankind
and the environment,

2. The construction of nuclear power plants, which is expanding in almost all countries, necessitates
the continuation and expansion of radioecological research in specific geographic regions, The Symposium
heard highly specialized reports on these topics by research workers of many countries. The possibility of
conducting such research with low radionuclide concentration in the environment makes the locality of
atomic power plants a natural proving ground with little danger for man and the biosphere. The study of
critical paths and "radiation resistance" of various parts of real ecosystems becomes eSpeCIaHy important
in this connection.

3. The Symposium has been presented with interesting and abundant data on the behavior of plutonium
in water media. Plutonium and other transuranium elements which have no stable natural isotopes should
remain at the center-of attention for the next decades since further development of nuclear power based on
fission reactors is meOSSlble w1thout the trafnsmon to fast breeder reactors and extensive use of plutonium.
The accompanying increase of plutomum influx into the envirénment and its concentration in some links of
the ecosystem can be critical for future nuclear power. Contlnumg accumulatlon of ob]ectlve data in thls
field is an exceedingly important and acute task.
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SEVENTH ALL-UNION CONFERENCE ON THE PHYSICS
OF INTERACTION OF CHARGED PARTICLES
WITH SINGLE CRYSTALS

A, G. Kadmenskii

The Conference took place in Moscow on May 26-28, 1975. The topic of discussion at this and the
preceding conferences were the relatively recently discovered effects of channeling and shadowing in the
motion of fast charged particles in single crystals and phenomena associated with these effects. The Con-~
ference was attended by nearly 200 scientists of various Soviet cities who represented universities and
research institutes of the Academy of Sciences of the USSR and other Soviet Republics, and also
several ministries and departments. Papers have also been presented by prominent scientists from the
USA, GDR, Poland, Mongolia, and Yugoslavxa. The 93 reports read at the Conference touched upon various
aspects of this rapidly developing subject, All reports can be arbitrarily divided into three major groups.
First, the study of orientational effects of the motion of heavy charged particles fprotons; ions) in single
crystals; second, works associated with the motion of light charged particles (electrons, positrons) and

radiation in single crystals; and third, the application of orientational effects in the study of nuclear, atomic,
solid state, and other problems in single crystals, Such a classification takes into account not only the
kind of particle but also the different form of description of the motion of heavy and light particles in single
crystals. After the work of J, Linhard (1965) on the channeling of heavy particles, the basic model of de-
scription is the classical model of statistical equilibrium in the phase space of transverse coordinates and
particle momenta in the crystal (the amount of transversality relativeto the directionof atomic nucleus for
axial channeling and relative tothe atomic plane for planar channeling). Such a description can also be used
for high-energy electrons but the main approach to this case is a quantum mechanical treatment.

"The study of channeling 'and shadowing effects of heavy particles now proceeds in two directions. The .
method of kinetic equations for channeling particles, developed on the basis of the Linhard model by Danish
(Banderoop, Andersen, and others) and Soviet (M. A. Kumakhov, V. V. Beloshitskii, et al.) workers, is ex-
tensively used for calculating dechanneling and the elements of angular shadow-pattern distributions. Such
calculations have been reported by, for example, M. A. Kumakhov, V. V. Beloshitskii, et al. (Moscow) and
by V. S. Andreev etal. (Sverdlovsk). On the other hand, experimental and theoretical results have been re-
' ported which indicate that axial and planar channeling are associated phenomena. Thus, the prevalent for-
malism of kinetic equations does not déscribe certain effects of particle channeling. Important work on
this subject has been carried out by Yu. V. Bulgakov, V. I. Shul'ga et al. (Moscow) who studied the behavior
of crystal transparency in the transition region between axial and planar channeling where the transparency
has been experimentally observed to vary nonmonotonically with the angle of particle incidence in relation
to the close-packed axis. This effect has been explained by the presence of additional focusing by ordered
atomic chains of the particle moving in the axial channel.

Thé ordered arrangement of atomic chains is manifested experimentally in the azimuthal dependence
of the elastic scattering cross section of channelmg particles in the axial channel ("back shadow"). This
has been most clearly demonstrated in a study of the spectra of back-scattered particles entering an axial
channel with the same transverse energy (Ejo=0.5E ., Where E . is the Lindhard critical energy), but
with different starting azimuths {E. I. Sirotinin, A, S, Rudnev, et al. (Moscow)].

Finally, computer simulation of angular distributions of particles passing through a thin single crys-
tal under axial channeling conditions [A. G. Kadmenskii et al. (Moscow)] proved that for E3 (= 0.2E, .
angular distributions show a regular azimuthal structure that coincides with the principal direction of
crystallographic planes passing throughthe studied crystallographic axis. Ithas been found that these angular

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 443-444, December, 1975.
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distributions are far from being in statistical equilibrium in the Lindhard sense, and that the transverse
energy distribution also differs from the predictions of the Lindhard model of statistical equilibrium for
an axial channel,

Allthese facts will undoubtedly stimulate further development of the theory of orientational phenomena.

Considerable progress has been made in the important problem of the mechanisms and magnitude of
energy loss by channeling ions. A. F. Burenkov et al. (Moscow, Minsk) calculated the energy loss of a
channeling particle taking into account the band structure of the electron energy spectrum in crystals.

The ratio of the energy loss in motion through an axial channel to the energy loss of a particle moving in

a nonoriented direction has been found to be a nonmonotonic function of the particle energy and is essen-
tially different from 1/2 as predicted by the Lindhard rule of equipartition of energy losses into distant and
near collisions. An experimental study of average relative energy losses for various tungsten axes and
planes, carried out by the thick-target method {E, L. Sirotinin, A.S.Rudnev, A, F. Tulinov et al. Moscow |,
has found that for all orientations the figures are 1.5 and ~ 0.35, respectively, for crystals escaping from
the surface layers and from greater depths, '

Channeling of electrons and positrons is actively studied in Tomsk, Kharkov, and Moscow. Of par-
ticular interest are attempts to analyze the bound state of an electron moving in channeling conditions, and
the bremsstrahlung of such an electron in the planar and axial cases [N, P, Kalashnikov, et al. (Moscow);
S. A, Vorob'ev, V. V, Kaplin, et al. (Tomsk)].

The field of application of orientational effects increases from year to year. Widely known are the
results of measurements of the lifetime of excited nuclei in nuclear reactions in single crystal targets,
and the localization of impurity atoms in the crystalline lattice. Yu. V. Melikov, P. E. Vorotnikov, N, G.
Chechenin, et al. (Moscow) reported on the measurement of 2¥U fission time as a function of excitation
energy in a wide range of energies. The obtained results indicate that the level density of the studied
nucleus has in the investigated energy range a discontinuity which cannot be explained by existing theo-
retical models. Considerable advances have been made in the determination of the site of impurities (oxy-
gen, carbon) in semiconductor crystals by Yu. Yu. Kryuchkov, N, V, Slavin, et al. (Tomsk), who used high-
energy « particles.

The calculation of the three-dimensional distribution of particles ina channel and of its variation with
depth makes it possible now to find the depth distribution of impurity ions and defects in a crystal by the
method of particle backscattering. Interestingwork inthis direction has been jointly described by a group
of Soviet and GDR scientists.

InVestigations of the dynamics of phase transitions in single crystals and of the structure of hetero-
epitaxial films [A. A. Puzanov, et al. (Sverdlovsk)] proved that the application of charged particle beams
in such studies can provide new information, which greatly surpasses the capabilities of traditional meth~
ods {e. g., x-ray methods). :

New possibilities in atomic studies have been discovered by German scientists (H. Otto, et al.).
They succeeded in recording together with a proton diffraction pattern, a circle representing the cross
section of the Kossel cone of the characteristic x-ray radiation of the crystal atoms. Of special interest
is the new approach to the study of dynamic interaction of ions with the a1d of channeling which has been
put forward by D. Hammel (USA). If a collimated beam of molecular H2 ions enters a thin single crystal
in the direction of the close-packed axis, the molecule disintegrates inside the crystal, but protons con-
tinue to move in a correlated form in adjacent channels. The angular and energy distributions of particles
escaping the crystal carry important information about the interaction of such protons with the medium.
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EXHIBITIONS

EXHIBITION "RADIOISOTOPE STATIC~-ELECTRICITY
NEUTRALIZERS'' AT THE EXHIBITION OF ACHIEVEMENTS
OF THE NATIONAL ECONOMY OF THF USSR 7

K. A. Nekrasov

This Exhibition was held from Sept. 1-Oct. 15, 1975, Radioisotope static-electricity neutralizers are
intended to remove electric charge from electrified materials during their processing in various technologi-
cal installations. This problem has become especially important in recent years with the increasing amounts
of artificial and synthetic materials being processed and the intensification of existing technological pro-
cesses. The radioisotope neutralizers produced by Soviet industry constitute the most effective means of
combating static'electrical charges. By comparison with earlier electrical and inductive neutralizers these
have a number of important advantages: They contain no electrical supply source, they are portable, con-
venient in aSSembly, operation, and servicing, they are very reliable, operate for a long time without re-
pair, and are entirely safe to use in fire~hazard sites. : ’

The scientific-research institutes, together with mdustrlal organizations, have developed and started
routine production of radioisotope neutralizers based on radioactive isotopes such as *®Pu, ¥’Pm, and
tritium. In recent years the production of radioisotope neutralizers has greatly increased: In 1964 about
800 of these devices were in use, now there are more than 14,000, The néutralizers are used in the textile,
polygraphic, rubber-technology, chemical, and a variety of other branches of industry. The materials of
the exhibition revealed that in the textile and polygraphic industries of Moscow alone some 80 undertakings
were now equipped with radioisotope static-electricity neutralizers. The exhibition presented full-scale
samples of the following models NSE-200A, NSE~400A, NRI-5, NRI-7N, NR-5N, NR-8N, NR-11N, NR-11V,
NR-12N, NR-13N, NR-13V, NR-14V, NR-1, 2, NR-3, 4, NR-6, NR-9V, NR-9N, NR-10V and NR-10N, and
also the new forms NTSE-15 and NTSE-16 (with a tritium source of radiation) developed by the Institute
of Nuclear Studies, Academy of Sciences of the Ukrainian SSR. The annular economic effect due to the
introduction of the tritium neutralizers is 2.5-3 thousand rubles. The time required to cover the capital
outlay is 3-6 months. The NTSE neutralizers create no radiation and may therefore be used in the pro-
duction of motion-picture photographic materials. :

The M. V.Lomonosov Moscow Institute of fine chemical technology exhibited radioisotope neutralizers
PRIN-2 and PRIN-3, which greatly increase efficiency in the removal of static electrical charges. The
. Exhibition gave a leading place to the use of radioisotope neutralizers in various branches of industry. The
Leningrad "Red Triangle" Industrial Corporation uses radioisotope neutralizers based on 2¥py for re-
moving static electrical charges from the surface of fabric being processed in a gluing machine. The neu-
tralizer consists of acassette accommodating 15-20 2¥py sources; it is stable, long-lasting, easy to service,
and safe in operation; it prevents fire from developing. The economic effect gained by the use of this neu-
tralizer is 5000 rubles per year. In the technological equipment of the Rose Lyuksemburg "Red Rose"
Moscow Silk Corporation there are 129 radioisotope static~electricity neutralizers; 40 devices of the NRI-3
and NRI-5 type are used in the warp machines, which greatly improves the quality of the warps in the warp-
ing process; 89 devices of the NSE-200A and NSE-400A type are used in the sorting of the raw materials
and in finishing the fabric. The economic effect averages 1500 rubles per year for one instrument.

In the P. Zibertas Orderofthe Workers' Red Banner Silk Corporation, NSE radioisotope neutralizers of
the NRI types were installed in five weaving machines in 1974; this reduced the breaking of the warps, in-
creased labor efficiency by 1.8%, and improved warp quality. The servicing zone was incre ased and so
was the output of the weavers. An annual economy of 64.7 thousand rubles was achieved.

Translated from Atomnaya Energiya, Vol. 39, No. 6, pp. 444-445, December, 1975.
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In the Busevsk Glass~Fiber Factory, as a result of the use of NSE-140 and NSE-350 neutralizers in
the warp machines a break-free technological process of warping the fibers was achieved in the production
of glass cloth, This ensured a high quality of the glass cloth so produced. The NSE~140 and NSE-350 neu-
tralizers are placed very close to the moving fiber. The use of 18 neutralizers of the NSE-400A and NSE~
200A types in a single technological line for the finishing of glass cloth reduced the static electrical voltage
to 2000-3000 V/cm? (up to 8000 being tolerated). The efficient reduction of charge prevents explosions and
fires in the room used for purifying the glass cloth from paraffin in benzene vapor.

The Exhibition showed that radioisotope static-electricity neutralizers are widely employed in ex-

. plosion-hazardous production processes of the petrochemical and oil-refining industries, for the water-
free degassing of rubbers, the production of adhesive tape, in the manufacture of polypropylene, and in the
gluing of fabrics. The economic effect obtained from the introduction of radioisotope static-electricity
neutralizers in the undertakings of the Ministry for the Petrochemical Industry was more than 500 thou-
sand rubles a year. :

The Sverdlovsk Plastics Factory has also installed 25 radioisotope neutralizers, which have com-
pletely removed static electric charges from polymer films, greatly improving the quality of the manu-~
facture as well as aiding safety precautions in the work rooms, while still observing the health and hygiene
radiation-safety norms. The neutralizers are installed on machines producing hard films of polyvinyl chlo-
ride and transparent adhesive polyvinyl chloride protective films, and also on machines used for producing
diagrams on polyethylene. The factory uses 21 systems of NSE and NR neutralizers, which almost entirely
remove static electric charges from the surface of artificial leathers. Before the introduction of the neu-
tralizers t?e static electric voltage amounted to an average of 15-28 kV/cm? afterwards it fell to 0.02-

0.4 kV/cm?. .

In the Voronezh Branch of the All-Union Scientific-Research Institute of Synthetic Rubber there are
six neutralizers of the NR~7N and NSE-400A types in the water~free degassing installations (two-roll dry-
ing apparatus). According to the static electrical charge present, one, two, or three neutralizers may be
employed. The electrical voltage falls from 1000-1500 to 100-400 V/cm? and thus eliminates the danger
of igniting the solvent vapor,

The Chekhov Polygraphic Corporation uses 108 NSE-400 and 40 NSE~200 neutralizers in the high
and low rotary printing machines PRL-3 and PGL, and in the high printing machines "Viktoriya" and
"Planeta T-2D."

The section concerned with ensuring radiation safety in the use of radioisotope static-electricity
neutralizers exhibited various products of the Scientific-Research Institute of Labor Hygiene and Preven-
tion of lllness. Instruments for measuring the static electric charge on materials being processed were
demonstrated:. a portable spark-safe static meter (the SIP), a remote-control spark-safe electrostatic
meter (the DES), an electrostatic voltage meter (the INEP-~20d), an installation for studying the electrifi-
ability of chemical fibers of the IEV-2 type, and an instrument for measuring the electrostatic field (the
INEP-1).
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NEW EQUIPMENT

SELF-SHIELDING FACILITY FOR THE MODIFICATION
OF TISSUE AND POLYMER FILMS WITH AN ELECTRON
ACCELERATOR BASED ON THE RUP-400 X-RAY EQUIPMENT

‘I. 1. Buslaev, N. G. Kon'kov,
O. N. Kochetov, and S. Yu. Krylov

The present-day state of high-powered accelerator technology permits its even more widespread

use for the industrial irradiation of materials for the purposes of imparting new properties to them, mod-'
ification of textile materials, strengthening of coverings, etc. Electron accelerators at energies of 0.3-

1.5 MeV find the most widespread application for these purposes. The achievement of a number of radia-
tion processes can be economically advantageous only by the use of an accelerator with an energy of order
0.4 MeV. Similar accelerators are used also for scientific research. Papers [1, 2] describe an elec-
tron accelerator constructed on the basis of the RUP-400 x-ray facility. In the All-Union Scientific-
Research Institute of Radiation Technology, a facility has been developed and censtructed with an elec-
tron accelerator based on the series-produced RUP-400-5-1 x~ray apparatus at a nominal energy of
350 keV. The facility is designed for laboratory and semi-industrial investigations on radiation modi-
fication, with a beam of accelerated electrons, of cotton tissues and polymer films; it can be used also
for strengthening coverings, initiation of reactions in the gas phase, etc. In the case when a target
_is installed, the accelerator can serve as a source of powerful bremsstrahlungen. :

The facility (see Fig. 1) consists of an accelerator with a vacuum system and a scanning device 1, a
local biological shield 2 with opening protective panels 3, a control desk 4, where the accelerator power
supplies and scanning systems are assembled, all the control elements and the automation and locking sys-

.. tems. The accelerator in the transformer-unit 5 of the RUP-400 x-ray facility with an improved 1.5 VPV2-
400 x-ray tube. The beam of electrons, after passing through the focusing lens, arrives in'the field of ' '
the magnet 6 of the scanning device and then is incident on the outlet window 7.

The biological shield provides easy access to all units of the facility. It is made from lead, with a
thickness of 15-45 mm in a steel cladding. The facility is made self-shielding and it can be assembled
-without any major problems in almost any production or
laboratory location.

The required vacuum in the tube and the electronguide
is achieved by means of a magnetic electric-discharge pump.
Initial pumping-out of the system is carried out with a me-
‘chanical pump with a nitrogen trap. The scanning device is
of the electromagnetic scanning type with a sawtooth field.

—t The power supply of the scanning device is a thyrister square
%:--_ . wave voltage inverter. The lens focusing is armored and of
= short focus. The feed current is pulsed with a frequency of
|Be0a o5 25 Hz. The outlet window of the accelerator is made of ti~

tanium foil, 20-50 p thick and is cooled by compressed air.
The power supply system allows the energy of the beam of
accelerated electrons to be varied from the control desk,
independently of the current and the length of the sweep
band. The automation and locking system switches off the .

Fig. 1. Diagram of equipment based on
the RUP-400-5-1.

Translated from Atomnaya Energiya, Vol. 39, No. 6, p. 446, December, 1975,
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accelerator in the case of vacuum impairment in the tube, in the absence of cooling air, and in the absence
of a deployed beam. The accelerator cannot be switched on with open or incompletely closed protective
panels.

For passing the material being irradiated below the scanning device, a system of rollers without
drive is used, which allows the material to be irradiated in three layers with a distance between layers
of not more than 15 mm. In order to introduce the material into the irradiation zone and to remove it,
there are two labyrinth slits with a width of 10 mm. The characteristics of the facility are:

Nominal energy of accelerated electrons, keV 350
Limits of energy control, keV 200~400
Max. current of extracted beam of electrons, mA : 1.5
Freq. of variation of deflecting field, Hz 1000
Length of sweep band, cm _ 30-100
Nonuniformity of current density along sweep band, % +10
Required power, kW ‘ 7
Supply voltage, V : 220/380
Freq., Hz ‘ 50
Air flow rate, liter/sec 15
Dimensions of facility, m C 2.5% 2,5 X 3.7

Mass of facility, kg _ . 5000
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BOOK REVIEWS

P. Ya. Antropov
THE FUEL AND POWER POTENTIAL OF THE EARTH*

Reviewed by Yu, I. Klimov

This book is a summary of fundamental research and correlates much material on sources of oil,
gas, coal, and nuclear energy resources. It includes a general survey of the fuel and power potential of
the earth and describes the geological concepts pertaining to the fuel and power potential. Special attention
is paid to a survey of the oil and gas bearing regions of the earth including three divisions: the main oil .
and gas regions of the USSR (the Eastern region of European Russia, West Siberia, Central Asia and Kazakh-
stan); the main oil and gas regions of the capitalist and developing countries (the Near and Middle East,
Africa, and America); and shelves and seas. About.40% of the book is a survey of uranium deposits in the
capitalist and developing countries (Europe, Asia, Africa, America, Australia, and New Zealand).

This book acquires a special value because of the recently developed tensions in'the fuel and power
balance in a number of Western countries, Unfortunately, the material on which the book is based is largely
limited to data published up to 1970. Owing to the energy crisis of 1973-1974, there have recently been a
large number of publications, especially on nuclear energy resources, the promising role of which in the
energy available to mankind is exceedingly important.

On the basis of his material, the author looks with optimism on the problem of energy supply. The
book will certamly be of use to specialists in fuel and power resources.

*1zd. VINITI, Moscow (1974).

Translated from Atomnaya Energiya, Vol. 39, No. 6, p. 447, December, 1975.
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V. A. Artsybashev and G. A. Ivanyukovich _
DENSITY GAMMA-GAMMA LOGGING IN ORE DEPOSITS*

Reviewed by E. M. Filippov

At present, x-ray radiometric logging (XRL) and selective gamma—gamma logging (GGLS) are ex-

. tensively used to study ore boreholes. The depth of investigation of the rocks and ores by these methods
is small, of the order of 1 mm for XRL and 3~5 cm for GGLS. This constitutes one of their important dis-
advantages. Therefore the successful use of these methods depends on combination with deeper nuclear
methods., One such method is density gamma—gamma logging (GGLD) which has a depth of about 8-15 cm.
It is described in this book. The book is written by well-known specialists who have a good knowledge of
the subject and have made a definite contribution to its development. In a brief and clear form they have
set out all the main topics of one-probe GGLD. : )

The 1st and 2nd chapters contain the necessary information on the physical basis of GGLD, the con-
struction of deep devices, and the commercially produced radiometric apparatus which can be used in GGLD,
The 3rd chapter deals with calibration of the apparatus, and describes a monitor and calibration device
developed by the authors and the method of using it. The 4th chapter deals with the influence of disturbing
factors on the results of GGLD. The next chapter gives basic information on the metbod of measurement
with GGLD apparatus. The 6th and last chapter discusses the main principles necessary for interpretation
of logging diagrams obtained by the method,

The book is not without its faults.

On p. 6 the authors advocate registration of scattered radiation by scintillation counters of the max-
imum possible size, In determining the densities of ores and rocks, one usually measures the scattered
radiation with energies of at most 300-400 keV. To register such radiation the optimum scintillators have
diameters and lengths of 20-40 mm. Even for good spectrometry of gamma radiation in the 100~400 keV
range, it is not recommended that NaI(T!) scintillators should be used with dimensions greater than 48 x
50 mm (see, for example, "Applied Spectrometry of Ionizing Radiations™ by E. L. Stolyarova).

On p. 19 the authors recommend that GGLD measurements should be made by compound screens
with thin parts near the source and thick parts near the detector. In fact these screens should be just the
other way around. This follows directly from the physics of interaction of radiation with matter: absorp-
tion of harder primary radiation always needs thicker screens than radiation scattered by the medium being
measured. To support their conclusions the authors usually refer to a special experiment, which must
evidently have been incorrectly performed.

On pp. 17-18, Fig. 5b gives the threshold gamma spectrum, not the integral spectrum as stated by
the authors. For the integral spectrum the curves should not tend to zero, as in this figure, but to some
asymptote.

Curve 4 in Fig. 9 clearly corresponds to a completely exposed layer of absorbent.

The division of probes into 27 and 47 is especialy mathematical and the terms are wrongly used.
These probes should more correctly be called probes with sectorial and circular coverage.

It would have been more logical to put §3 of Chap. 2 into the 3rd chapter.

There are no references to the specialist book by G. D. Varvarin and E. M, Filippov, "The Density
Gamma—Gamma Method in Geophysics™ and the monograph by E. M. Filippov, "Nuclear Geophysics."

*Atomizdat, Moscow (1975).

Translated from Atomnaya Energiya, Vol. 39, No. 6, p. 447, December, 1975.
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The authors discuss only thé one-probe method of GGLD. Astonighingly enough, in application to

ore borehioles they have done quite a lot of original work on the two-probe GGLD method: A description

‘of this method would not have made the book much longer, and would have undoubtedly been an improve-

thent. ‘

These criticisms are of detail, and do not spoii the general impression of a book written by authors
who know what they are talking about. The publication of the book is verytimely, because practical workers
andeven some researchers have recently been taking a not altogether correct view of GGLD.

The book will be useful to practical engineers and to research workers, as well as students of nu-
clear geophysics. '
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